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W: still know very little about the 
physiologic and pathophysiologic 
significance of bradykinin (Br). It is an 
endogenous polypeptide, possessing great 
biologic activity, and synthesis in the 
Sandoz laboratories in May, 1960, has 
fully elucidated its chemical structure. Un- 
limited amounts of the pure substance are 
thus available for further investigation. 

Isolation, elucidation of structural for- 
mula, and synthesis are traditional hurdles 
in the path that leads to a more profound 
knowledge of endogenous substances. In 
the case of Br, these obstacles have now 
been overcome, and investigations with 
Br can be expected to be intensified. It is 
fitting, therefore, at this moment to review 
the present state of affairs in this area of 
research. 

I. Discovery, isolation, and elucidation of 
the structure. In November, 1948, Rocha e 
Silva, Beraldo and Rosenfeld! described a 
new active biogenic substance which caused 
slow contraction of isolated intestine. Be- 
cause of this property, they named the 
new substance bradykinin (Bpadis = slow, 
kwew = to move). The behavior of Br 
led them to conclude that it possessed 
a polypeptide structure. By 1956, much 
progress had been made in the purification 
of Br,? through the use of chromatographic 
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and ion-exchange techniques. However, it 
was not until 1959 that an English team, 
employing a combination of chromatog- 
raphy and electrophoresis, succeeded in 
isolating the pure substance from a crude 
material obtained by the action of crystal- 
line trypsin on ox pseudoglobulin.* In 
April, 1960, the English workers proposed‘ 
the following structure: Arg-Pro-Pro-Gly- 
Phe-Ser-Phe-Arg (I). Synthesis of this com- 
pound in the Sandoz laboratories’ yielded 
a product which was devoid of activity.” 
This was confirmed by other investigators.*:® 

Planned synthesis of variants of (I) 
yielded Arg-Pro-Gly-Phe-Ser-Pro-Phe-Arg 
(II), an octapeptide which had some Br 
activity.°7 In view of this, Boissonnas, 
Guttmann and Jaquenoud decided to in- 
troduce a further proline residue into the 
molecule. In this way they arrived at a 
nonapeptide, Arg-Pro-Pro-Gly-Phe-Ser-Pro 
-Phe-Arg (III), which in its biologic, chemi- 
cal, biochemical, and biophysical properties 
could not be distinguished from natural 
Br.®:7:19-14 Since the biologic properties of 
all known polypeptides depend, in a highly 
specific manner, upon their chemical struc- 
ture, nonapeptide III must be either closely 
related to, or identical with, natural Br. 
It has since been confirmed that the two 
are, in fact, identical." 
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The synthesis of a complex endogenous 
substance before its structure has been 
fully elucidated must surely be a rare 
event in the history of biologic chemistry. 

An exact comparison has still to be made 
between the chemical structure of trypsin 
Br and Br produced by the action of snake 
venom on plasma.'® From the _ biologic 
evidence, however, the two forms should 
prove to be the same."!16.17 

ITI. Liberation of bradykinin. Br is liber- 
ated from a precursor, bradykininogen, 
which is a normal component of the pseudo- 
globulin fraction of the plasma. Both snake 
venom and trypsin have a powerful pro- 
teolytic action, and it therefore seemed 
reasonable to suppose that Br might be 
produced by peptide cleavage.!* However, 
the evidence suggests that Br is liberated 
from bradykininogen by cleavage of an 
ester linkage.!*.?° The details of the process 
whereby Br is set free in the living or- 
ganism under physiologic and pathologic 
conditions have still to be clarified.2! One 
thing is certain, however: practically every 
cell in the body possesses proteolytic and 
esterolytic enzymes and has at its disposal 
the substrate bradykininogen, which is a 
normal constitutent of plasma and lymph. 

ITI. Pharmacology of bradykinin. Studies 
have shown that pure Br is one of the 
most active substances found in the body. 
Four principal actions have been dis- 
tinguished: (1) an effect on smooth muscle 
in vitro and in vivo; (2) an effect on blood 
vessels or circulation; (3) an effect on 
capillary permeability; (4) local effects on 
tissues, eliciting edema, migration of leu- 
kocytes, and pain. 

The response of isolated guinea pig 
ileum to Br differs from the response to 
histamine and acetylcholine. Br evokes a 
slow contraction, dependent on the dose, 
with a latent period of 25 to 50 seconds. 
The threshold dose is 1 ng./ml. (1 ng. = 
0.001 yg). Weight for weight, Br is as 
active as histamine.’ 

In isolated organs with spontaneous mo- 
tility, Br first causes relaxation, which is 
followed by a 

By far the greatest sensitivity to Br is 
displayed by the isolated rat uterus, which 
responds to a dose of only 0.03 ng./ml. 
Br is almost as active as oxytocin in this 
preparation.” 
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In guinea pigs and spinal cats, Br 
when administered by the intravenoys 
route, elicits bronchoconstriction.? 

Intravenous administration of 0.05 to 
0.5 wg/Kg. of Br produces a fall in blood 
pressure in all mammals so far investigated 
(rat, guinea pig, rabbit, cat, and dog), In 
the guinea pig, rabbit, and dog the vago. 
depressor activity of Br is greater than 
that of acetylcholine.’ 

Br by intracutaneous injection increases 
capillary permeability to circulating dyes 
of high molecular weight.’:??:> A dose of 1 
ng./0.1 ml. elicits a clear effect. In this 
experiment, Br is 10 to 15 times more 
active than histamine. 

Local application of Br causes edema 
and pain: classic signs of inflammation. 

Injection of Br in the rat paw elicits 
edema which can readily be measured. 
In this test, Br is about 10 times more active 
than histamine, weight for weight. 

Intradermal injection of Br in a con- 
centration of 1077 in the guinea pig has 
been found to lead to an accumulation of 
leukocytes at the site of injection and 
migration in the surrounding tissues.”! 

If a blister produced by cantharidin is 
opened and Br applied to the blister base, 
pain is experienced. The threshold con- 
centration is 10°’. The pain is transient 
and decreases on repeated application 
(tachyphylaxis ?).” 

Doses which elicit acute toxicity by the 
intravenous route are large compared with 
doses required to produce a response. The 
LD;0 intravenously for white mice is 
between 16 and 20 mg./Kg. Five rats, 
with body weights between 150 and 160 
grams, survived the intravenous injection 
of 10 mg./Kg. of Br. A dose of 3 mg./Kg. 
administered to a dog intravenously within 
10 seconds did not prove fatal, although 
respiration was temporarily arrested and 
severe transient disturbance of gastroin- 
testinal function was observed.?” 

Intravenous infusion of Br (2 to 50 
ug/Kg./minute) in cats caused an_ initial 
steep fall in blood pressure. Subsequently, 
the blood pressure rose to stable but still 
subnormal levels which depended upon 
the rate of infusion. Doses of up to 1.85 
mg./Kg. given over 4 hours did not produce 
any sign of intoxication. 

Investigations to determine the influence 
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of drugs on the effects of Br have been 
undertaken with impure Br, but not so far 
with pure Br. 

Rocha e Silva, Corrado and Ramos?’ 
investigated whether vasodepressor drugs 
were able to modify the action of Br. 
They found that hexamethonium did not 
affect the fall in blood pressure elicited by 
Br, whereas dibenzylin, chlorpromazine, and 
reserpine enhanced and prolonged it. Co- 
caine attenuated the effect of Br. 

Collier, Holgate, Schachter and 
Shorley”?:4 investigated the effect of a 
number of substances on Br bronchospasm. 
The most potent inhibitors were acety]l- 
salicylic acid, phenylbutazone, amidopy- 
rine, and phenazone. Pretreatment with 
cortisone had no influence. 

Lecomte and Troquet?? have reported 
that high doses of phenylbutazone (100 
mg./Kg.) will block Br vasodepression in 
rabbits. 

The search for substances which inhibit 
the various effects of Br is of twofold 
importance. It should contribute to our 
knowledge of the mechanisms of action 
of Br, and it may yield information of 
practical therapeutic value. 

IV. Physiology and physiopathology of 
bradykinin. We know little as yet about 
the physiology and physiopathology of Br, 
but what data we have indicate that Br or 
closely related peptides (plasma kinins) 
play a highly important role in the organism. 

Research on the kinins has already com- 
pleted the picture in one area of physiology, 
namely, the theory of cholinergic vasodila- 
tion in glands. Atropine does not, as would 
be expected, suppress vasodilation in the 
submaxillary gland in response to stimula- 
tion of the chorda tympani. It was demon- 
strated that during periods of activity 
the gland releases an enzyme which, in 
turn, liberates a vasodilator substance from 
plasma This substance cannot be dis- 
tinguished from Br. Thus, the circulation 
in the gland is under local humoral control. 
The enzyme which liberates Br is probably 
the same as kallikrein, an enzyme dis- 
covered by Werle* in the saliva. It must be 
assumed that this local humoral mechanism 
which controls the blood supply to the 
submaxillary gland is a feature common to 
other secretory organs, for the same enzyme 
has been shown to occur in the secretory 
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areas of the tongue,** in the pancreas,*” 
in lachrymal secretion,?* and in the sweat 
glands.*® 

Whether the blood supply of striated 
muscle is under similar humoral control 
has still to be elucidated. At all events, Br 
has not so far been detected in the venous 
outflow of working muscle.*® 

Pure trypsin Br administered to cats 
by injection in skin and muscle arteries 
produces vasodilation. The potency of Br 
is roughly equal to that of acetylcholine.*° 
Plethysmographic studies in man have 
revealed that intra-arterial injection of Br 
produces a considerable increase in blood 
flow.*! Injection of 1 wg of Br is always 
followed by increased blood flow. In one 
experiment an increase of from 5 to 33 
ml./100 grams of tissue per minute was 
observed. Br is as active, or rather more 
active, than histamine and approximately 
10 to 100 times more active than acetyl- 
choline. 

The role of the release of Br in pathologic 
conditions is still obscure. It is reasonable 
to suppose that liberation of Br occurs in 
the case of trauma, inflammatory reactions, 
cardiac infarction, and states of shock. 
The following scheme of events is possible. 

The first reaction to trauma is the 
liberation of histamine,” which, by in- 
creasing capillary permeability, might allow 
the intracellular enzyme responsible for 
the liberation of Br to escape. Possibly, 
the so-called H-colloid® is identical with 
Br or the enzyme which produces it. 

Increased protease or fibrinolytic activity 
has been described in a number of condi- 
tions: in inflammatory reactions,“ after 
operations,*®47 in anoxemia,*® burns, hemor- 
rhage,*® anaphylactic shock,®® and _ barbit- 
urate poisoning.’ It is conceivable and 
compatible with the clinical symptoms that 
generalized liberation of Br might occur 
during this unspecific reaction. The vaso- 
dilation that occurs in insulin shock has 
also been ascribed to the liberation of 
vasoactive peptides.*! However, no relation 
has been demonstrated between the plasma 
level of Br and the symptoms in peptone 
shock and anaphylactic shock artificially 
induced in laboratory animals.» 

Much work will be needed to assess the 
importance of Br as a mediator in in- 
flammatory reactions. 
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V. Unidentified kinins with properties 
similar to those of Br. Chapman and Wolff* 
incubated ox globulin with cerebrospinal 
fluid from migraine patients undergoing an 


attack, chronic schizophrenics, patients. 


with acute cerebral damage, and patients 
with persistent pain as a sequel to pelvic 
or leg operations. In this way they found 
a substance similar in behavior to Br. More 
recently, a substance resembling Br, which 
has been given the name neurokinin,» as 
well as a neurokinin-forming enzyme have 
been detected in the subcutaneous tissue 
of migraine patients during the attack. 
In view of its bradykinin-like properties, 
neurokinin would be well able to give rise 
to some of the clinical symptoms of mi- 
graine, namely, vasodilation, cutaneous 
edema, and pain. Interestingly enough, 
the level of neurokinin falls to that of 
normal controls after administration of 
ergotamine tartrate; this coincides with 
the onset of therapeutic action and a 
decrease in the intensity of the headache. 

In lung-perfusion experiments on sen- 
sitized guinea pigs, Brocklehurst®* demon- 
strated the presence of a slow-reacting, 
smooth-muscle-stimulating substance 
(SRS-A) in the perfusate after addition of 
the antigen. This substance may be related 
to Br. It is of interest to note that in 
perfusion experiments with lungs resected 
from asthmatic patients, SRS-A has been 
detected when pollen antigens were added 
to the perfusate. 

Armstrong, Jepson, Keele and Steward*’ 
have described a pain-producing substance 
(PPS) which is possibly related to Br. It is 
formed when plasma comes into contact 
with glass surfaces. The substance elicits 
pain when applied to a blister base, and 
stimulates the isolated uterus to contract. 
It is possible that PPS is released in vivo in 
trauma and in antigen-antibody reactions 
(at the surface of the antigen-antibody 
complex). 

A further kinin has been isolated from 
the urine.*®=® The amount excreted, cal- 
culated on an activity basis with respect 
to pure Br, varies between 10 and 30 
ug per 24 hours.®® It may be that this 
substance is excreted in the urine in the 
normal course of clearance of kinin from 
the plasma. Alternatively, it could be a 
kinin that is produced locally in the kidneys 
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and that has an influence on renal blood 
flow. 

Werle and co-workers® have detected 
an enzyme in urine, pancreatic juice, and 
saliva. The enzyme, kallikrein, liberates a 
polypeptide, kallidin, from alpha-2-globulin, 
This polypeptide cannot be distinguished 
from 

The migration of leukocytes that js 
observed after an injection of Br suggests 
that the polypeptides described by Men- 
kin®™ *€ might be identical with, or related 
to, Br. Wasp venom contains a kinin which 
closely resembles Br in its pharmacologic 
properties. However, this substance can 
be separated from Br and kallidin by 
chromatographic methods.®>§7 

Br is one of the most potent substances 
found in the organism, but beyond this, 
little is known about its physiologic func- 
tions or possible roles in pathophysiologic 
states. Whether the various kinins which 
have been described are identical with 
Br is still uncertain. 

At present it appears that Br might 
play a part in the regulation of blood 
supply in certain glands, and that it 
might be implicated in shock, inflammation, 
asthma, rheumatic disease, migraine, pain- 
ful states, and chronic schizophrenia. The 
actions of Br must be further elucidated, 
and it is desirable to find antagonists to 
these actions. 
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entricular tachycardia after myocar- 

dial infarction has a grave prog- 
nosis.:? Among the contributing factors 
are low cardiac output, poor coronary per- 
fusion, and frequent refractoriness of the 
arrhythmia to therapy.* 

Hypothermia has certain effects which 
might be beneficial in the case of ventricu- 
lar tachycardia. The ratio of coronary blood 
flow to cardiac oxygen consumption is 
increased with cooling,‘ peripheral meta- 
bolic demands upon the heart decline, and 
mechanical efficiency increases.’ The de- 
crease in cardiac rate associated with 
hypothermia is an additional benefit, since 
tachycardia contributes to poor cardiac out- 
put and low coronary perfusion. 

A major risk of hypothermia in normal 
animals is the tendency of the cooied heart 
to develop ventricular fibrillation, particu- 
larly at temperatures below 25° C.°:7 The 
potential supportive benefits of hypo- 
thermia in ventricular tachycardia after 
myocardial infarction, therefore, are offset 
by this possible arrhythmic effect of cooling. 

A series of experiments designed to study 
the risk of hypothermia in ventricular 
tachycardia after myocardial infarction is 
reported. These include observations of the 
effects of spontaneous breathing and me- 
chanical hyperventilation, and an investi- 


Studies of hypothermia in ventricular tachycardia 
after myocardial infarction 
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gation of the relative significance of hyper- 
capnia and acidosis to the occurrence of 
ventricular fibrillation. 


Methods 


An experimental preparation for the in- 
duction of ventricular tachycardia was 
described by Harris.’ This consists of a 
two-stage ligation of the anterior descend- 
ing branch of the left coronary artery in 
the dog. This is followed, within about 12 
hours, by a stable ventricular tachycardia 
that persists for from 1 to 2 days. In this 
study, the animals were subjected to 
hypothermia 24 hours after the Harris 
operation. 

The procedure was performed on 35 
mongrel dogs, which ranged in weight be- 
tween 8 and 20 kilograms. The animals 
were divided into four groups as recorded 
in Table I, A-D. The grouping was based 
on whether or not the arrhythmia appeared 
after the operation, and whether the ani- 
mals were hyperventilated or allowed to 
breathe spontaneously. Ten animals failed 
to exhibit the arrhythmia (Group I). Of 
the other 25 dogs which developed ven- 
tricular tachycardia, 10 were cooled while 
breathing spontaneously (Group II), 12 
were hyperventilated as they became hypo- 
thermic (Group III), and 3 were hyper- 
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Table 1A. Group I. Myocardial infarction, sinus rhythm, spontaneous breathing 


| 
Control | Hypothermia | 
Dog 
number 


Temp. (°C.) | Heart rate | % Sinus beats | T emp. (°C.) | Heart rate | % Sinus beats 


14.. 40 192 100 28 Died—standstill— 
37.5 174 fibrillation 


37 200 29 
37 (r) 155 92 26 90 100 


Survived 


38 155 95 29 86 99 Survived 
38 (r) 140 94 


36.5 140 96 29 130 99 Survived 
37 (r) 205 100 


37 185 100 28 64 100 Survived 
38 (r) 159 100 


31. 40.5 168 100 29.5 83 100 Survived 
36.5 176 100 
37 (r) 173 100 


36.5 150 Died—fibrillation 


34. 38 178 100 29 83 100 Survived 
37 (r) 161 100 


35. 40.5 146 100 29 81 100 ‘Survived 
38.5 151 100 
37.5 (r) 136 98.5 


36. 38.5 165 92 30 87 99 Survived 
37 (r) 120 91.5 


(r) Rewarmed. 


ventilated until a rectal temperature of with the apparatus. Continuous electro- 


29° C. was achieved, after which mechan- cardiographic monitoring was employed. 
ical ventilation was discontinued (Group Heart rate and the percentage of sinus 
IV). . beats seen in Lead II of the electrocardio- 
Hypothermia was induced in 25 dogs by gram at different temperatures were re- 
immersion of the entire body in ice water. corded in all of the animals. All electro- 
In the other 10 animals, irrigation of the diographic complexes that appeared to be 
skin with alcohol was employed. of supraventricular origin were counted 
Pentobarbital was administered in doses as sinus beats. _ 
just sufficient to prevent shivering. Rectal In 10 dogs with ventricular tachycardia 
temperatures, taken with a standard mer- and in 2 normal animals, comparisons 
cury thermometer, were lowered to 26° were made as follows: in 3 dogs with tachy- 
to 30° C., at which level the animals were cardia, a comparison was made betwee 
maintained for from 1 to 5 hours. Thirteen the effects of delivering gas mixtures col- 
dogs were then rewarmed to normal tem- taining 5 per cent carbon dioxide and 9% 
peratures by exposure to room air. _ per cent oxygen, and 25 per cent carbon 
Hyperventilation was achieved with a dioxide and 75 per cent oxygen; in the 
mechanical respirator connected to an other animals the effects of 25 to 30 pet 
endotracheal tube. The minute volume of cent carbon dioxide (70 to 75 per cent 


respiration was 6 to 9 liters per minute oxygen) was compared to those of intra 


( 
Outcome 
| 
: | | | | 
} 
| 
26. 
= 
32. 
4 
4 
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venous 0.1N hydrochloric acid. Observa- 
tions were made on the arterial pH, the 
electrocardiogram, and the survival rate. 
The Beckman pH meter was used for 
measurements of pH, and the experiments 
were all performed during hypothermia. 


Results 


Hypothermia was induced in dogs in 
which ligation of the coronary artery was 
not followed by ventricular tachycardia. 
Of 10 animals with infarction alone (Group 
I), 2 died during cooling. In this group, 
a slowing of heart rate from 10 to 70 per 
cent (average 50 per cent) was observed. 
The percentage of sinus beats, which 
ranged between 90 and 100 per cent, was 
not significantly altered by cooling. These 
dogs were not hyperventilated. The results 
for Groups I-IV during hypothermia are 
shown in Table I,A-D. 

Among the spontaneously breathing dogs 
with both infarction and ventricular tachy- 
cardia, hypothermia had an _ obviously 
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detrimental effect. Nine of the 10 animals 
in this category died, 6 of which exhibited 
terminal fibrillation (Group II). When 
comparison of rates could be made, cooling 
again exerted a bradycardiac effect; in 
5 animals a 50 per cent reduction in heart 
rate was observed. The slowing effect of 
hypothermia upon the sinus rate has been 
recorded.? A similar slowing of the ven- 
tricular pacemaker by the cooling was ob- 
served in Dogs Nos. 33 and 58; predomi- 
nantly ventricular rhythms persisted dur- 
ing hypothermia at half the control rate. 
When it could be measured, the percentage 
of sinus beats increased somewhat in 4 
of 5 dogs in response to hypothermia. 

Of 12 dogs which exhibited myocardial 
infarction and ventricular tachycardia and 
were hyperventilated throughout cooling 
and rewarming, 10 survived hypothermia 
(Group III). The heart rate showed a 24 
to 68 per cent slowing in all dogs, with an 
average fall of 53 per cent as a result of 
lowering of the temperature. In 4 dogs 


Table IB. Group II. Myocardial infarction, ventricular tachycardia, spontaneous breathing 


Control | 


Hypothermia 
Outcome 


Dog 
number 


Temp. (°C.) tar rate| % Sinus beats | Temp. (°C.) Heart rate | % Sinus beats 


40 170 
37.5 165 


38.5 165 
38.5 199 


40 179 
35 142 


39 161 
38 (r) 162 


40.5 180 
36 175 


37 175 
40 170 
39 185 


39 120 
37 120 


Died—standstill 


Died—fibrillation 
Died—fibrillation 


Died—standstill 


Survived 


Died—fibrillation 


Died—standstill 

Died—fibrillation 
Died—fibrillation 
Died—fibrillation 


*Received sufficient ouabain to maintain veniricular tachycardia. 
(t) Rewarmed. 


| 

17. 97.5 33 
6.5 
25. 74 30.5 
30. 55 29 
100 
33. 0 29 82 6 
4 0 
2 
37. 17.5 28 30 1 
16 | 
56.* 42 28 144 0 a 
58. 30.8 29 75 48 ; 
60. 7 27 : 
66. 40.5 28 51 75 
0 
q 
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Table 1C. Group III. Myocardial infarction, ventricular tachycardia, hyperventilated 


Am. Heart J. 
August, 196} 


| Control | Hypothermia 
Dog | Outcome 
number 
Temp. (°C.) Hear rate | % Sinus beats | Temp. (°C.) | Heart rate | % Sinus beats 
2. 37 160 71 80 0.5 Survived 


39 154 


167 6.5 


191 ‘ 
37 160 50 
175 


157 60.5 
38 145 90 
167 


167 
37.5 158 100 
131 
: 158 
38 145 0 
177 


165 


145 
59. 170 
67. 170 


70. 150 


58 88 Survived 


Died—fibrillation 


Survived 


112 95 


Survived 


Survived 


Survived 


Survived 


Survived 


Died—fibrillation 


Survived 


Survived 


(r) Rewarmed. 


(Nos. 51, 55, 67, and 70) the slowing effect 
of hypothermia on the ventricular pace- 
maker was evident (average fall in rate 
of 61 per cent). In this group of animals, 
as in the previous two groups, hypothermia 
had no consistent effect upon the percentage 
of sinus beats. 

After hypothermia was induced, dis- 
continuance of hyperventilation proved 
fatal to 3 dogs (Group IV). Death occurred 
in these animals within 2 hours after 
mechanical ventilation was stopped. Hypo- 
thermia slowed the heart rate (average 
52 per cent) in each dog. The inconsistent 
effect of cooling on the proportion of sinus 
beats was also evident. 

Moderate fever, secondary to the original 
operative procedure, was present in some 


*Received sufficient ouabain to maintain ventricular tachycardia. 


of the dogs in each of the four groups at the 
time that hypothermia was induced. Low- 
ering of the temperature to normal levels 
usually caused a slight fall in heart rate, 
but no consistent effect on the percentage 
of sinus beats was observed. 

Ten hyperventilated dogs with ventricu- 
lar tachycardia which was stable during 
hypothermia for at least 1 hour were given 
either dilute hydrochloric acid intrave- 
nously or gas mixtures containing 5 to 
30 per cent carbon dioxide with oxygen, or 
both successively, with a half hour pause 
between to allow arterial pH to return to 
normal. The results are shown in Table II. 
Of 7 dogs with tachycardia which received 
acid, only 2 died; both had pH levels below 
6.0. Of 7 animals which received 25 to 


9. 20 29 
10. 38 33 
20. 29 82 100 Pe 
28. 0 27 67 
4 
51. 38.5 = 6.8 29 55 
26 45 7.1 
0 26 75 0 
29 55 12.8 
0 29 60 0 
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30 per cent carbon dioxide via the mechan- infusion of acid and inhalation of 25 per 

ical aspirator, 6 died between 51% and 30 cent carbon dioxide. The 3 dogs which — 
minutes after inhalation of carbon dioxide received 25 to 30 per cent carbon dioxide 

was begun. The arterial pH of 7 of the and did not die exhibited prolonged intra- 

dogs which received carbon dioxide was ventricular conduction time and _ bizarre | 
somewhat lower than the pH of the sur- complexes. : 
viving dogs which were given acid intra- : 4 

venously (average 6.56 versus 6.84 for Discussion 

5-minute pH values). Two dogs survived Ventricular tachycardia induced by the ; 
inhalation of 5 per cent carbon dioxide, Harris procedure in dogs resembles the 


and 2 nonoperated dogs survived both human counterpart in the duplication of 


Table ID. Group IV. Myocardial infarction, ventricular tachycardia, partly ventilated* 


Control | Hypothermia | 
Dog : 


number 


Outcome 


Temp. (°C.) | Heart rate | % Sinus beats | Temp. (°C.) | Heart rate | % Sinus beats 


13. 41 154 34 29 82 27.4 Died—fibrillation 
37 140 91 29 92 0 


15, 40 154 44 29 75 2 Died—standstill 
37.5 160 22.5 29 


37 155 67 28 55 100 Died—standstill 
28 


*Death followed cessation of mechanical ventilation. 


Table II 


Amount of acid 


Dog infused ~~ Arterial pH % COz given Arterial pH 
number (0.1N HCl) (5 min.) Result and time (5 min.) Result 
(c.c.) 


43, 5%—30 min. Survived 

51. 25%—11 min. Died 

55. — —— — 5%—20 min. — Survived 
25%— 8 min. 6.25 Died 


67, Died —— — — 
68. (Normal) 90 6.85 Survived 25%—30 min. 6.50 Survived 
70, 150 6.70 Survived 25%—16 min. —— Survived 


71. (Normal) 150 6.90 Survived 25%—30 min. 6.70 Survived 
at 30 min. 


73. 50 (0.2N) 5.80 Died 


74, 100 6.85 Survived 30%—13 min. 6.60 Died 
15. 75 6.95 Survived 30%— 6 min. 6.55 Died 
78, 120 6.85 Survived 30%—30 min. 6.55 Died 


80. 200 6.80 Survived 30%—514 min. 6.60 Died 


| 
a 
| 


160 Lobousky, Schiess, and Jacobson = i 


the sequence of infarction followed by susceptibility to termination by antiar- 
arrhythmia, in the hypotension that occurs rhythmic agents.!°""' The two entities differ 
with the arrhythmia, and in its partial in that the canine arrhythmia is multifocal, 


ag HEART RATE (Beats per Minute) : 
60 70 80 90 100 10 120 130 140 180 160 I70 180 190 200 210 


Fig. 1. Effect of hypothermia on heart rate in 10 dogs with myocardial .in- 
farction alone. Stippled bars indicate normothermic temperatures, and solid 
bars, either febrile or hypothermic temperatures. Eight of 10 dogs survived 
hypothermia followed by restoration to normal temperature. 


% SINUS BEATS 


Ventilated 


Fig. 2. Effect of hypothermia on the proportion of sinus beats in 10 dogs with 
myocardial infarction alone. 
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sel'-limiting, possesses a rate close to the 
sinus rate, and does not often prove to be 
fatal if untreated. 

in the experiments reported here, hypo- 
thermia carried a high risk in the case of 


the coronary artery if 
spontaneously during 


was greatly reduced 
HEART RATE (Beats per Minute) _ 


60 70 80 90 100 0 180 130 140 180 160 170 180 190 


Hypothermia: ventricular tachycardia after myocardial infarction 


ventricular tachycardia after occlusion of 
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the animal breathed 
cooling. If the dog 


was hyperventilated, the risk of fibrillation 


and was no more 


DIED- FIBRILLATION 


DIEO-STANDSTILL 


ON 
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tricular tachycardia which were breathing spontaneously. 


% SINUS BEATS 


Fig. 3. Effect of hypothermia on heart rate in 10 dogs with infarction and ven- 


| 


Fig. 4. Effect of hypothermia on the proportion of sinus beats in 10 dogs with 


infarction and ventricular tachycardia which were breathing spontaneously. 
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HEART RATE (Beats per Minute) 
@ Teun 60 70° 80 90 100 110 120 130 140 180 160 170 180 190 200 


Fig. 5. Effect of hypothermia on heart rate in 10 dogs with infarction and 
ventricular tachycardia which were hyperventilated throughout. 
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Fig. 6. Effect of hypothermia on the proportion of sinus beats in 10 dogs with 
infarction and ventricular tachycardia which were hyperventilated throughout. 
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severe than the risk of cooling a dog with 
myocardial infarction in the absence of 
ventricular tachycardia. Cessation of hy- 
perventilation after the animal had safely 
reached the hypothermic level and the 
temperature had stabilized resulted in the 
death of the animal. 

The hypothermic level used in these 
studies (26° to 30° C.) is above the range 
at which normal animals tend to demon- 
strate ventricular fibrillation. In its suscep- 


tibility to fibrillation at higher than usual 
temperatures, the preparation used here 
is a more sensitive index of the tendency 
of cooling to induce arrhythmic death. 
The three potential causes of death in 
regard to impaired respiration in this 
preparation are hypoxia, acidosis, and 
hypercapnia. The marked respiratory de- 
pressant effect of hypothermia in normal 
animals was observed in these studies.” 
It has been observed that the admini- 


DOG# TEMP. 


HEART RATE 
(Beats per Minute) 
60 70 80 90 100 110 120 130 140 150 160 170 


13 
29 DIED- FIBRILLATION 
40 
37.5 
15 29 
29 DIED-STANDSTILL 


28 


DIED-STANDSTILL 


Fig. 7. Effect of discontinuance of hyperventilation. Hyperventilation was 
maintained until the hypothermic temperature had been reached, and then 
the animals were allowed to breathe spontaneously. These dogs died within 
2 hours after hyperventilation was stopped. 


°C. 
DOG #: TEMP. 


% SINUS BEATS 
10 20 30 40 50 60 70 80 90 100 


Ventilator 
37 ON 

13 29 
29 DIED-FIBRILLATION OFF 
40 Ventilator 
ON 

29 DIED-STANDSTILL OFF 


28 


Ventilator 
ON 


DIED- STANDSTILL 


OFF 


Fig. 8. Effect of discontinuance of hyperventilation. As with previous groups 
of dogs in this study, cooling had an inconsistent effect on the proportion of 
sinus beats. 
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DOG #61 DOG #67 DOG #68 


Ventricular Tachycardi¢ Ventricular Tachycardie Normal 
100r Hyperventilated Hyperventilated Hyperventilated 
Survived Cooling Survived Cooling Survived Cooling 


mm.Hg PRESSURE 


PHT.4 


40 36 36 34 32 30 26 36 34 32 30 


RECTAL TEMPERATURE °C. 


Fig. 9. Effect of hypothermia on pH, pO2, and pCO, in 3 dogs which were hyperventi- 
lated throughout the period of cooling. 


DOG #66 DOG #74 
Ventricular Tachycardia Ventricular Tachycardia 
100r Spontaneous Respiration r Spontaneous Respiration 
Died in Fibrillation q Survived Cooling 


60} 


mm.Hg PRESSURE 


RECTAL TEMPERATURE °C. 


Fig. 10. Effect of hypothermia on pH, pOz, and pCOzin 2 dogs which breathed 
spontaneously during the period of cooling. 


stration of critically hypoxic gases (5 per may be of primary importance in connec- 
cent oxygen or less) to normothermic dogs tion with fibrillation. Discharge of catechol- 
with myocardial infarction causes death, amine has been demonstrated in associa- 
usually by ventricular fibrillation." In tion with hypercapnia, and it has been ob- 
addition, there is a current belief that served that rapid alterations in arterial 
acidosis is the essential element in hypo- pCOsz levels can induce ventricular fibrilla- 
thermic death.-!® Acidosis in association tion in normal dogs.!9:?° 

with hypercapnia is reported to increase In these studies, reduction of arterial 
the likelihood of ectopic discharges di- pH levels to 6.70 for 5 minutes was not 


rectly,!’ and through secondary depression of itself fatal in the hypothermic dog with 
of extracellular potassium.'® Hypercapnia myocardial infarction and ventricular 
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tac! ycardia. Although severe acidosis alone 
was not associated with the appearance 
of ventricular fibrillation, it is uncertain 
whether or not a critical pH level exists, 
below which death ensues, or whether 
hypercapneic acidosis is more lethal than 
comparable degrees of ‘‘metabolic”’ acidosis. 
It is possible that a critical level of pH lies 
between the values found after infusion 
of acid and inhalation of carbon dioxide. 
Death did occur when the pH was below 
6.0 after infusion of acid. 

These findings do not dispute the current 
belief that acidosis is the essential element 
in hypothermic death. However, the possi- 
ble role of hypercapnia per se in causing 
arrhythmic death is suggested by these 
studies. 

The data presented confirm the protec- 
tive value of mechanical hyperventilation 
during hypothermia in this preparation. 
Hyperventilation reduced the 90 per cent 
risk of arrhythmic death in dogs with both 
myocardial infarction and ventricular 
tachycardia to that of animals with myo- 
cardial infarction alone (20 per cent). 

Hypothermia slowed the heart rate ir- 
respective of the site of the pacemaker. 
In so far as part of the poor cardiac output 
and diminished coronary perfusion derive 
from the rapid heart rate of ventricular 
tachycardia,* hypothermia could be said to 
be helpful. Hypothermia alone did not 
convert the arrhythmia to sinus rhythm. 
The advantages of slowing metabolic pro- 
cesses within the damaged arrhythmic 
heart and reducing somatic demands on 
that heart cannot be determined from 
these studies. 


Summary 


The risk of ventricular fibrillation was 
evaluated in dogs with ventricular tachy- 
cardia after myocardial infarction when 
the animals were exposed to hypothermia 
(26° to 30° C. rectal temperature). 

Eight of 10 dogs with infarction but 
without ventricular tachycardia survived 
cooling. Of 10 animals with both infarction 
and arrhythmia, only 1 survived hypo- 
thermia while breathing spontaneously. 
Three dogs with infarction and arrhythmia 
survived cooling while hyperventilated but 
died when hyperventilation was discon- 
tinued. Of 12 dogs with infarction and 
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ventricular tachycardia which were hyper- 
ventilated throughout cooling, 10 survived. 

Five dogs with ventricular tachycardia 
survived infusion of hydrochloric acid 
which lowered the arterial pH to 6.84 
(mean), but a drop in pH below 6.0 proved 
fatal to 2 dogs. Reduction of the pH to 
6.53 with inhalation of 25 to 30 per cent 
carbon dioxide was fatal to 5 of 6 dogs 
with ventricular tachycardia. 

Hypothermia slowed the heart rate ir- 
respective of the origin of the heart beat, 
but had no antiarrhythmic effect in this 
preparation. 

These studies support the concept that 
hyperventilation protects against the oc- 
currence of ventricular fibrillation during 
hypothermia in ventricular tachycardia 
after myocardial infarction. It is suggested 
that hyperventilation probably opposes the 
hypercapneic acidosis associated with cool- 
ing. 


The authors are indebted to Dr. Gordon K. Moe 
and Dr. J. A. Abildskov, who lent encouragement 
and advice, to Miss Gwendolyn Jones for technical 
assistance, and to Mrs. Sandra Soper for secretarial 
aid. 
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power findings in patients with coro- 
nary arteriosclerosis frequently re- 
veal spotty myocardial fibrosis or small 
intramural scars in the heart muscle, espe- 
cially in the subendocardial layer. Some of 
the scars can be seen macroscopically. In 
other instances they can be found only by 
microscopic examination. These changes 
can be called infarct-like lesions. These 
changes and the large, solid subendocardial 
and transmural infarcts have been produced 
in the animal heart experimentally. 

It is generally accepted that the small 
scars are more significant than the occur- 
rence of transient reversible myocardial 
ischemia. The electrocardiographic changes 
produced by these two conditions are the 
same, namely, primary changes in the S-T 
segment and in the T wave. Even for large, 
solid subendocardial infarction, some au- 
thors!‘ have pointed out that the changes 
in the QRS complex are seldom diagnostic, 
ascribing more importance to the primary 
changes in the S-T segment and the T wave. 


substances of high molecular weight 


Thus, these three conditions are difficult 
to differentiate on the basis of the electro- 
cardiographic findings. The usual clinical 
practice is to regard such electrocardio- 
graphic changes as being indicative of re- 
versible myocardial ischemia, unless there 
are clinical signs of myocardial infarction. 
Furthermore, many authorities on electro- 
cardiography warn against exaggeration of 
slight abnormalities. This attitude is natu- 
ral, since the reversible changes in the S-T 
segment and T wave are frequently ob- 
served after exercise tests and with emo- 
tional strain. 

However, this optimism is not always 
justified. Mathewson and Varnam’ reported 
a small number of cases in which the elec- 
trocardiograms showed only primary T- 
wave changes, but which later developed 
into cases of clinically recognizable coronary 
arterial disease; in some of these cases, 
myocardial infarction was demonstrated at 
autopsy. 

The first step that we considered in this 
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Fig. 1A. (A-C are examples of subendocardial infarc- 
tion produced by injection of substances of high 
molecular weight and other substances.) A, Cut 
surface of the heart of a rabbit which received 
glycogen (15 mg./Kg.), serotonin (10 wg/Kg.), and 
epinephrine (10 ywg/Kg.) intravenously three times 
a week for 4 weeks. Grayish-white foci of infarction 
can be seen in the subendocardial layer of the left 
ventricle, almost circular except for the lateral wall. 
The lesion has been outlined by a black dotted line. 


investigation was the collection of statisti- 
cal data on the incidence of findings of sub- 
endocardial infarcts and infarct-like lesions 
in postmortem examinations of patients 
with certain electrocardiographic changes, 
such as depression of the S-T segment and 
inversion of the T wave. However, it is 
difficult to collect the necessary data be- 
cause patients do not usually come to 
autopsy simply because of conditions which 
cause segmental depression or T-wave in- 
version alone. 

Recently, the authors (Shimamoto and 
associates®) succeeded in producing myo- 
cardial infarcts and infarct-like lesions aftet 
inducing coronary arteriosclerosis in rab- 
bits, guinea pigs, and rats; the vascular 
lesions resembled those of human arterio- 
sclerosis. The myocardial lesions were pro- 
duced by administering various substances 
of high molecular weight, epinephrine, and 
other drug? described later. This experi- 
mental method is superior to various con- 
ventional methods of producing infarction, 
such as ligation of the coronary arteries or 
cauterization of the cardiac wall, because 
we could produce the lesion without open- 
ing the chest. Although the animal experi- 
ment has its own shortcomings in compari- 
son with findings in the autopsy of human 
beings, the former is more definitive. The 


Am. Heart J. 
August, 1961 


animal can be sacrificed and examined 
at any time when it shows electrocardio- 
graphic evidence of segmental displacement 
or T-wave change alone. Therefore, the 
myocardium can be studied not only when 
the electrocardiogram shows the typical 
changes of infarction but also when there 
are only transient changes in the S-T seg- 
ment or T wave. The myocardium can be 
studied thoroughly by serial sections. Rab- 
bits, which were first used in producing 
myocardial infarction by the above-men- 
tioned method, are suitable for studying 
this problem. 


Fig. 7B. Cut surface of the heart of a rabbit which 
received bacterial polysaccharide (50 wug/Kg.), 
epinephrine (10 ug/Kg.), and angiotensin (3 yg/Kg.) 
intravenously three times a week for 4 weeks. Foci 
of infarction similar to those shown in Fig. 1A can 
be seen in the subendocardial layer of the posterior 
wall of the left ventricle. The lesions are outlined 
by the black and white dotted lines. 
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Er ploying the same method, we also in- 
vestivated subendocardial infarction, since 
pure subendocardial infarction fre- 
quenily produced by the above-mentioned 
method. Spatial vectorcardiograms were 
recorded also, in the hope that they might 
afford a diagnostic method when the elec- 
trocardiograms failed to show apparent 
QRS changes. 


Maierial and methods 


One hundred and eighty-four young male 
rabbits, which ranged in weight from 2.0 to 
2.8 kilograms, were employed for this study. 
Fifteen rabbits were used as controls. The 
other rabbits were studied primarily for 
testing whether arteriosclerosis and myo- 
cardial infarction are induced by some of 
certain substances and prevented by others. 
The substances employed for testing the 
efficacy of inducing these changes were: 
substances of high molecular weight, such 
as bacterial polysaccharide, nonpathogenic 
Escherichia coli (U5/41), glycogen, dextran, 
and kaolin; various amines, such as epine- 
phrine and serotonin; octapeptides, such as 
angiotensin; and fatty substances, such as 
cholesterol and lanolin. These substances 


were shown by Shimamoto and associates® 
to produce swelling of the vascular endo- 
thelium and white thrombi as the immedi- 
ate reactions. This finding was supported 
by direct observations using Sandison- 
Clark’s technique, as well as by indirect 
observations of a decrease in platelet count 
in the peripheral blood. Later, arterioscle- 
rotic lesions and myocardial infarcts and/or 
infarct-like lesions were produced. These 
substances may be called arteriosclerogenic 
(Shimamoto). Various antibiotics, such as 
penicillin, streptomycin, and chlorampheni- 
col, were also employed to obtain effects 
similar to those of bacterial polysaccharide. 
They were selected according to their bac- 
tericidal effects in the colon when admin- 
istered orally. The substances employed for 
testing the efficacy of preventing arterio- 
sclerosis and myocardial infarction were 
magnesium chloride, chlorothiazide, and 
reserpine. All of these were administered in 
doses which proved to be effective in pre- 
liminary experiments. Details on the effects 
of these substances and their significance 
have been reported elsewhere.*:?° The pres- 
ent report on subendocardial infarcts and 
infarct-like lesions deals with a correlation 


Fig. 1C. Microscopic findings in the ventricular septum of the same rabbit heart shown 
in Fig. 1B. Small discrete scars and granulation tissue with calcification can be noticed. 
(Hematoxylin-eosin stain. Magnification, X 100.) 
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between the pathologic findings and the 
electrocardiographic and spatial vector- 
cardiographic findings. 

Electrocardiograms were taken in all 184 
rabbits. Their control records were normal. 
The test substances were given for 4 or 8 
weeks, and electrocardiograms were taken 
every week before and during administra- 
tion. When electrocardiograms showed sig- 
nificant changes, or after administration of 
the test substances for 4 or 8 weeks, the 
animals were sacrificed for autopsy after 
electrocardiograms were taken. The stand- 
ard limb leads, unipolar limb leads, and 
the standard precordial leads were always 
taken; and, in addition, Leads V7, Vs, Vs, 
and V3r were taken occasionally. Because of 
the structural difference between the rab- 
bit and the human body, Leads V, and 
Ve were obtained at the level of the fifth 
intercostal space, and Leads V4, V5, and 
Ve were obtained at the level of the sixth 
intercostal space. 

Spatial vectorcardiograms were recorded 
on 25 rabbits. In each rabbit they were 
taken by two methods: by that of Duchosal 
as modified by Grishman’ (designated as 
Grishman’s method in this paper), and by 
that originated by Wilson and developed by 
Burch® (designated as Burch’s method). By 
the former technique, four electrodes were 
placed to construct the cube, with the first 
electrode at the level of the fifth dorsal 
vertebra, which was a slightly different 
arrangement from that described by Grish- 
man because of the structural difference 
from the human body. In the use of the 
second method, a slight departure was 
made from Burch’s original plan. The hori- 
zontal plane, and not the tilted superior 
plane of the equilateral tetrahedron, was 
thought to be obtained by combining Lead I 
and Lead Vz using Wilson’s central termi- 
nal multiplied by the same coefficient as 
reported by Burch and associates. 

Almost all of the animals were sacrificed 
by air embolism after the test substances 
had been administered for 4 or 8 weeks. 
Some of them were sacrificed when the oc- 
currence of significant electrocardiographic 
and/or vectorcardiographic changes were 
observed. Immediately after autopsy, all 
internal organs were fixed in neutral forma- 
lin and Carnoy’s fixative for subsequent his- 
tochemical study. Each organ was weighed 
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and observed macroscopically, and the 
usual pathologic examination carried out, 
using hematoxylin and eosin, elastica- 
van-Gieson, toluidine blue, and Altmann- 
Kull’s mitochondrial stains. Altmann-Kull’s 
technique was found to be a very suitable 
method for determining the small coagula- 
tive degeneration of the myofiber of the 
myocardium. To demonstrate calcium, von 
Kossa’s silver nitrate technique was applied 
on the slide, slightly counterstained with 
hematoxylin and eosin. In order to demon- 
strate the deposition of fat, Sudan III 
was also used. 


Results 


There were no pathologic findings in the 
hearts of the 15 control rabbits, nor in 
1 of 6 rabbits to which serotonin alone 
was administered. Their electrocardiograms 
showed no abnormal findings. 

Autopsy showed myocardial infarction 
or infarct-like lesions, grossly or histo- 
logically, in all of the other 168 rabbit 
hearts. Large, solid transmural infarcts were 
noticed in 6 of these hearts. The electro- 
cardiograms of these 6 animals showed 
typical infarction patterns, with appear- 
ance of an abnormal Q wave, elevation of 
the S-T segment, and symmetrical T-wave 
inversion. They were excluded from the 
main subject of our study, since the findings 
were classic. In the other 162 hearts, most 
of the lesions were found in the subendo- 
cardial region, in the papillary muscle of 
the left ventricle, and in the ventricular 
septum (Fig. 1). The outermost one third 
of the ventricular wall was not involved. 
Some of the lesions were large, solid in- 
farcts; others were small, isolated, irregular 
scars, a few millimeters in diameter, which 
tended to coalesce. In others, coagulation 
necrosis or vacuolization of several myo- 
cardial fibers was noted by microscopic 
examination. Since larger solid subendo- 
cardial scars and multiple small scars with 
intervening areas of nonscarred tissue are 
expected to yield different electrocardio- 
graphic findings, the pathologic alterations 
were classified into four groups (see Table !) 
and were compared with the electrocardio- 
graphic findings in these rabbits. 

As for the S-T-T changes shown in 
Table I, a positive sign indicates depression 
of the S-T segment and/or flattening of 
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inversion of the T wave. Although in many 
such cases, S-T depression and T-wave in- 
version were quite evident and could not be 
regarded as the results of changes in rate, 
it seems unnecessary to show such illus- 
trative cases here, because these changes 
were classic. Remarkably, no changes were 
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noticed in the S-T segment and T wave in 
9 of 48 cases of solid subendocardial infarcts, 
and in 15 of 50 cases of spotty fibrosis alone. 
Equivocal changes were observed in 17 
cases of solid subendocardial infarcts, and | 
in 18 cases of spotty fibrosis alone. The 
changes were depression of the S-T segment 


Fig. 2. Examples showing either no changes or minute S-T-T changes in the electrocardiogram 
when definite subendocardial infarction was present. In all three cases, larger solid subendocardial 
infarcts together with multiple spotty fibrosis and small intramural scars were found at autopsy. 
All electrocardiograms were taken just before the animals were sacrificed. In the cross-sectional 
diagrams of the heart, a and p denote anterior and posterior surfaces of the heart, respectively. 


— 


172 Sano, Ohshima, Fujita, Tsuchihashi, and Shimamoto 


and infarct-like lesions with normal controls 


Table 1. Correlation of electrocardiographic and pathologic findings in subendocardial infarction 
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Pathologic alterations 


ECG findings 


No pathologic 
changes 


Microscopic 


Macroscopic lesions 


Spotty fibrosis 
and small 
intramural scars 


Large, solid 
subendocardial 
infarcts and scars 


lesions 


QRS changes 

- 16 
0 
+ 0 

S-T-T changes 
16 
0 
0 


60 47 44 
3 q 
0 0 0 

21 15 9 

20 18 17 

23 17 22 


of less than 0.1 mv. or slight flattening of 
the T wave, noted only after comparison 
with the control electrocardiograms. It was 
our impression in many cases that no 
pathologic alterations would be found be- 
cause of a lack of any significant changes 
in the electrocardiograms; but at autopsy 
some fibrosis or infarction was almost 
always discovered. Fig. 2 shows three such 
cases of either no_ electrocardiographic 
changes or equivocal S-T-T changes, but 
with definite autopsy findings of some 
fibrosis or infarction. 


Table II. Diagnostic value of the vectorcardio- 
gram and the electrocardiogram in subendo- 
cardial infarct and/or infarct-like lesions in 
cases in which both were taken 


Number of 
Diagnostic value cases 
Both in vectorcardiograms and in 
electrocardiograms 8 
In vectorcardicgrams but not in 
electrocardiograms 5 
In electrocardiograms but not in 
vectorcardiograms 0 
Neither in vectorcardiograms nor in 
electrocardiograms 10 
Total 23 


—: No change. +: Change noted only when compared with control records, including decrease in amplitude of R. For QRS changes, 
+: Abnormal Q wave. For S-T-T changes, +: S-T depression > 0.1 mv. and/or T-wave flattening or inversion. 


In Table I, significant decrease in the 
amplitude of R is noted. Although some of 
the cases included in this table showed 
definite changes in the QRS wave in com- 
parison with the control records, none of 
the cases showed a definitely abnormal 
O wave. 

Although abnormal Q waves rarely ap- 
peared in these cases, a decrease in ampli- 
tude of the R waves was frequently noticed 
when comparison was made with control 
electrocardiograms. This relation was more 
evident in anteroseptal infarction, probably 
because the area of infarction was close to 
the exploring electrode of Leads V; and V2. 
This is seen in the electrocardiograms of 
Fig. 6, where Rye is lower in C than in A. 
However, it was occasionally difficult to 
explain this in a single case. For example, in 
Fig. 3, the autopsy evidence of anterior 
infarction may make one regard the de- 
crease in Ry; in B as compared with Ry: in 
A as evidence of infarction; but Ryz in B 
is higher than Rye in A. Nevertheless, a 
study of all of the 20 cases which showed 
infarcts or scars in the subendocardial layer 
of the anteroseptal region reveals some ten- 
dency of diminution in the amplitude of the 
R waves (Fig. 4). In this figure the ampli- 
tude of the R wave of Leads V; and V:> of 
the control electrocardiograms is taken as 
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the « oscissa, and that recorded immediately 
befo:e the animals were sacrificed is taken 
as t! e ordinate. It can be pointed out that 
some cases in which there were gross solid 
lesions or multiple gross spotty fibrosis 
showed a marked decrease in the amplitude 
of the R wave, whereas almost none of the 
cases in which there were microscopic 
lesions alone showed a comparable decrease. 
However, if we take a smaller change in 
amplitude, no special tendency can be 
noted. There are many factors to alter the 
amplitude of the R wave. Change of posi- 
tion of electrodes, rotation of the heart, 
pulmonary embolization, and ventricular 
hypertrophy, all can cause such alteration. 
Since these factors obscure evidences of 
infarction, we were interested in cases 
which showed marked decrease in the R 
wave. In these cases we did not find either 
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pulmonary emboli or detectable ventricular 
hypertrophy. Although slight change of the 
electrode position and rotation of the heart 
could not be excluded completely, we be- 
lieve that anterior infarction was usually 
the cause of the decrease in the R wave. 
Considering all of the 20 experiments, we 
can state at least that anterior infarction 
is one of the causes of the decrease in the 
R wave in the right precordial leads. 
Although vectorcardiograms were taken 
primarily by the two methods in 25 rabbits 
as stated above, only those obtained by 
Grishman’s method were successively re- 
corded because, in rabbits, they showed a 
more consistent configuration in the control 
records, as seen in Fig. 5. Twenty-three of 
25 animals were included in the study of 
subendocardial infarction and infarct-like 
lesions. The value of the vectorcardiogram 


Fig. 3. An example of marked decrease in the amplitude of the R wave in Lead V; in the presence of antero- 
septal subendocardial infarction. A is a control record. B is the record taken just before sacrificing the animal 
to which a substance of high molecular weight had been administered for 30 days. At autopsy, solid infarcts 
together with multiple spotty fibrosis and small intramural scars were noticed, almost circular in the subendo- 
cardial layer of the left ventricle, especially marked in the anteroseptal region. a and p denote anterior and 
posterior surfaces of the heart, respectively. As for the increase in amplitude of the R wave in Lead V2 in B, 


see text. 
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GROSS SPOTTY FIBROSIS AND INTRAMURAL SCARS 
LARGER SOLID SUBENDOCARDIAL INFARCTS AND SCARS 
MICROSCOPIC LESIONS 


GROSS SPOTTY FIBROSIS AND INTRAMURAL SCARS 
LARGER SOLID SUBENDOCARDIAL INFARCTS AND SCARS 


Fig. 4. Changes in amplitude of the R wave in the right precordial leads in the presence 
of anterior subendocardial infarcts or infarct-like lesions. The space between the two 
oblique lines is the insignificant area because of the minute changes in the amplitude. 


was more limited than we expected, because 
the QRSsE loops showed little change, as 
might be expected from the slight change in 
the QRS waves of the electrocardiograms, 
and also because the S-T-TsE loops were 
in many cases too small to give a more 
accurate diagnosis than that given by the 
electrocardiograms. 

Nevertheless, vectorcardiograms showed 
diagnostic features of infarction in 5 in- 
stances in spite of the fact that the electro- 
cardiograms showed no significant abnor- 
mality (see Table II). The vectorcardio- 
graphic diagnosis was related in 4 of 5 such 
instances to anteroseptal infarction, in 


which case there was a diminution of the 
initial anterior portion of the QRSsE loop 
in the horizontal plane. In these 4 cases this 
diminution was apparent without compari- 
son with the control vectorcardiograms, 
whereas either no significant decrease in 
amplitude of the R wave was observed or 
such decrease was first noted only after 
comparison with the control electrocardio- 
gram. An illustrative case is shown in Fig. 6. 


It is remarkable that irreversible, struc- 
tural myocardial lesions were found so fre- 
quently at autopsy regardless of the pres- 
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ence or absence of minute depression of the pression that whether the S-T-T changes 
S-T segment and without T-wave inversion exist or not makes no difference in the inci- 
in the electrocardiograms. This finding was dence of myocardial lesions. However, when 
so marked that Table I might give the im- slight S-T-T changes which could be re- 
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Fig. 5. Vectorcardiograms obtained in the control period, i.e., of normal rabbit. 
A, By Grishman method. B, By Burch method. F, H, 5S: Frontal, horizontal, 
sagittal planes, respectively. 


iy 
() 


176 Sano, Ohshima, Fujita, Tsuchihashi, and Shimamoto 


garded as significant only after comparison 
with control records were included as posi- 
tive S-T-T changes, more than two thirds 
of the cases with myocardial lesions showed 


positive S-T-T changes. Therefore, it is not . 


the nonexistence of the S-T-T changes but 
their slightness that should be noted. An- 
other point to be emphasized in regard to 
Table I is that there is little difference in 
the incidence of positive S-T-T changes 
among the three groups, i.e., microscopic 
lesions and smaller and larger macroscopic 
lesions. This is probably because the S-T-T 
changes are not findings corresponding to 
myocardial destruction, to which chief 
attention was paid in this pathologic exami- 
nation, but to the subnecrotic changes. 
Myocardial destruction can be inferred only 
indirectly at best by the S-T-T changes. 

Care should be taken in applying our 
findings directly to human coronary insuf- 
ficiency, but they should be borne in mind 
when electrocardiographic interpretation is 
made. Our results suggest that slight seg- 
mental depression or T-wave changes 
should not always be regarded merely as 
indicating a reversible myocardial injury 
or ischemia, even if no other clinical signs of 
infarction exist. 

Burch and associates’ pointed out that in 
autopsies of human beings, multiple, coales- 
cing small scars were found mostly in 
patients who died from causes other than 
heart disease. In the autopsy of human 
beings with infarction, it is rather rare, 
however acute the infarction may be, that 
one sees only pure acute changes as found 
in experimental acute infarction. Usually, 
chronic changes are mingled with acute 
ones. We cannot expect patients with coro- 
nary sclerosis to come to autopsy merely 
because of small myocardial scars, but it is 
quite possible that repetition of similar 
causes will eventually lead to solid myo- 
cardial infarction. Therefore, it is important 
to recognize these changes. 

As for the changes in the QRS complex 
in the case of subendocardial infarction, 
there have been many controversies. Pre- 
viously, Wilson and co-workers!® observed, 
in experiments on the dog, QR or notched 
QS waves in direct epicardial leads over 
pure subendocardial infarcts or over the 
subendocardial infarcts of cone - shaped 
transmural infarcts. But subsequent experi- 
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mental studies by Kisch, Nahum and Hoff! 
and by Boyd and Scherf? failed to show 
abnormal ORS complexes in standard limb 
leads, whereas the studies of Pruitt, Barnes 
and Essex,!! Hellerstein and Katz,” and 
Pruitt and Valencia® showed occasionally 
more or less of a decrease in the amplitude 
of the R and S waves, or the appearance of 
small Q waves sometimes in direct epi- 
cardial leads or in Lead IV R. The reports 
of clinical pathologic studies are also con- 
flicting. Pardee and Goldenberg" and Myers 
and co-workers'-!7 found initial Q waves 
in precordial leads occasionally, but Levine 
and Ford? consistently failed to obtain Q 
waves in precordial leads. A review of other 
reports showed that pathologic Q waves 
were recorded in some instances but not in 
others, both experimentally and clinically. 
In this respect, recent experiments by 
Prinzmetal and co-workers! have attracted 
attention. According to them, precordial 
and epicardial leads which were recorded 
directly over the pure subendocardial in- 
farct consistently exhibited normal R or 
Rs waves or absence of abnormal Q waves. 
On the basis of their findings in intramural 
lead electrocardiograms, they concluded 
that the inner layers of the normal ventricu- 
lar wall appeared to be ‘“electrocardio- 
graphically silent,’ i.e., subendocardial 
muscle did not affect the depolarization 
complex in epicardial or precordial leads. 
However, more recent extensive clinical, 
pathologic reports by Cook, Edwards and 
Pruitt!®!° again noted occasionally the loss 
in amplitude of the R waves, and in a few 
cases the presence of small Q waves in cer- 
tain precordial leads. These findings were 
not in agreement with the theory of 
electrocardiographically silent subendocar- 
dial muscle. 

In this study it was again proved that 
abnormal Q waves seldom appear in sub- 
endocardial infarction, and in this respect 
the findings differ from the previous reports 
of Wilson! and others!*-!7 but support those 
of Prinzmetal‘ and others.* While conform- 
ing to the findings in many reports, our 
results show in addition marked decrease 
in amplitude of the R wave occasionally in 
solid subendocardial infarction and in mul- 
tiple gross spotty fibrosis. This finding was 
noticed in the report of Prinzmetal and co- 
workers in their acute experiments. We 
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agree with Cook and associates'*!* that 
sube::docardial depolarization is not ‘‘elec- 
trocardiographically silent.’’ The appear- 
ance of abnormal Q waves and the decrease 
in arnplitude of the R waves should be re- 
garded as similar phenomena, due to the 
effects of a different degree of myocardial 
destruction. 

Local myocardial destruction produces 
tardiness and alteration in the order of local 
excitation. Also, since some cells are non- 


functional, the voltage previously contrib- 
uted by these will be lost. Both of these 
conditions increase the likelihood of local 
cancellation and counterbalancing by vec- 
tor forces produced by normal myo- 
cardium elsewhere. In the case of subendo- 
cardial lesions the overlying myocardium 
still contributes endoepicardial vectors, 
whereas in transmural and subepicardial 
lesions the presence of Q waves suggests 
either deletion of all endoepicardial forces 


Fig. 6. An example in which the vectorcardiogram showed a probable diagnostic feature of anterior infarction, 
but the electrocardiogram showed no evidence according to the current criteria. A, Control record. B, Record 
obtained after administration of a substance of high molecular weight for 35 days. C, Record taken just before 
the animal was sacrificed, after administration of the substance for 46 days. B and C show diminution of the 
initial portion of the QRSsE loop in the horizontal plane, which suggests anterior infarction. Autopsy revealed 
solid subendocardial infarcts together with multiple spotty fibrosis in the anterior wall of the left ventricle. 
a and p denote anterior and posterior surfaces of the heart. In retrospect and after comparing these three 
electrocardiograms, we believe that the diminution in the amplitude of R of Lead Vz in C is probably related 
to anterior infarction. 
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or total cancellation by other forces. The 
role of the effect of proximity to subepi- 
cardial or subendocardial lesions has not 
yet been established. 


Summary 


1. Various substances of high molecular 
weight, epinephrine, and other drugs were 
administered to 169 rabbits, with formation 
of myocardial infarction or infarct-like le- 
sions in 168. Correlative study with electro- 
cardiograms and autopsy findings was made 
together with the records of 15 other control 
rabbits. Among these 162 rabbits with 
subendocardial infarcts or infarct-like le- 
sions were the subjects of this study. 

2. In subendocardial infarcts or infarct- 
like lesions the incidence of depression of 
the S-T segment or flattening or inversion 
of the T wave was much less than expected. 
No S-T-T changes could be noticed in 
about one third of all of the cases in spite 
of the presence of the lesions at autopsy. 
In another third the changes were so slight 
that they became evident only after com- 
parison with control records. These results 
suggest that, in clinical practice, slight seg- 
mental depression or T-wave changes 
should not always be regarded as indicating 
a reversible myocardial injury or ischemia, 
even if no other clinical signs of infarction 
exist. 

3. As for QRS changes due to subendo- 
cardial infarcts or infarct-like lesions, a 
definitely abnormal Q wave appeared in 
none of the cases. However, especially in 
the examination of 20 rabbits which showed 
infarcts or infarct-like lesions in the sub- 
endocardial layer of the anteroseptal region, 
a marked decrease in the R wave in the 
right precordial leads was encountered oc- 
casionally when the lesions were relatively 
large. 

4. Vectorcardiograms in addition to elec- 
trocardiograms were obtained in 25 rabbits. 
The vectorcardiograms showed diagnostic 
evidence of infarction in 5 instances in 
which the electrocardiograms showed no 
significant abnormality. In most of them 
the abnormal change was diminution in the 
initial anterior portion of the QRSsE loop 
due to subendocardial infarcts or infarct- 
like lesions in the anteroseptal region. 


The authors would like to thank Dr. Harold Feil 
1or his help in preparing this manuscript. 
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of aortic stenosis 


Ong Sie Tjong, M.D.* 
A. P. M. Verh -ugt, M.D. 
Amsterdam, Netherlands 


Sire aortic stenosis has been accessible 
to surgical treatment, numerous at- 
tempts have been made to estimate the 
degree of the aortic stenosis by studying 
either the indirect or direct peripheral and 
central arterial pressure pulses.!-* The ca- 
rotid arterial curves were the most exten- 
sively studied among all indirect pulse 
tracings.*-§ 

With the introduction of left heart cath- 
eterization, accurate measurements of the 
pressure gradient across the stenotic valve 
could be obtained. When combined with 
right heart catheterization the pressure- 
flow relationship could be calculated, and, 
thus, the size of the aortic valvular orifice 
could be fairly well estimated.°-” 

The left ventricular pressure may be 
recorded by catheterization of the left 
heart, either by a puncture through the 
posterior chest wall,!** a bronchial wall 
or the anterior chest wall.!®!® In the 
majority of these studies the pressure 
gradient between the left ventricle and the 
brachial artery was measured. 

The purpose of this paper is to report 
the observations on the pressure gradient 
and the pressure-flow relationship in 26 
patients. with aortic stenosis, either pure 
or in combination with other valvular 
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diseases. The left ventricular pressure was 
recorded by retrograde catheterization via 
the brachial artery. 

The pressure gradient and the pressure- 
flow relationship between the left ven- 
tricle and the aorta as well as between the 
left ventricle and the brachial artery were 
studied. It is noted that there was in some 
cases a negative pressure gradient between 
the left ventricle and the brachial artery, 
i.e., a higher systolic pressure in the brachial 
artery than in the left ventricle, whereas a 
positive pressure gradient between the left 
ventricle and the aorta was always feund. 

However, when the area of the aortic 
valve was calculated from the pressure 
pulses either of the aorta or the brachial 
artery, there was a fairly small difference 
between both values, even in those cases 
in which the systolic peak pressure was 
much higher in the brachial artery than in 
the aorta. 


Material and methods 


Combined catheterization of the right 
and left heart was performed in 26 patients 
with aortic stenosis of different degrees of 
severity, either pure or in combination 
with other valvular diseases. In all patients 
a clinical diagnosis was established and 
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Number 


aortic valvulotomy has been under con- 
siderat.on. There were 8 women and 18 
men; they ranged in age between 5 and 
48 yeais. 

Right heart catheterization was _ first 
carried out in the usual manner via an 
antecubital vein. After the pressures had 
been recorded in the right heart, including 
the pulmonary arterial wedge pressure, 
the tip of the catheter was positioned in the 
pulmonary artery, and a Cournand needle 
was inserted into the brachial artery. Ex- 
pired air was then collected in a Douglas 
bag for 3 minutes. In the middle of this 
period, samples of blood were withdrawn 
from the pulmonary artery and the brachial 
artery. 

Catheterization of the left ventricle was 
then performed in a retrograde way via 
the brachial artery; the technique is detailed 
elsewhere.”° 

The cardiac output was calculated by the 
direct Fick method. Blood oxygen was 
determined by the manometric method of 
Van Slyke.2! The respiratory gas analysis 
was carried out by means of the Scholander 
method.”? The zero level for the recorded 
pressures was taken at 5 cm. below the 
angle of Louis of the patients in the supine 
position. The mean pressures during systolic 
ejection of the left ventricle, the aorta, 
and the brachial artery were obtained by 
planimetric integration of the systolic por- 
tions of the phasic records. 

The areas of the aortic valves were 
calculated according to the formula of 
Gorlin and Gorlin®® (see at bottom of page). 

The systolic ejection period was obtained 
by superimposing the aortic tracing and the 
brachial arterial tracing on the left ven- 
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tricular tracing by means of the simul- 
taneously recorded electrocardiogram, with 
due allowance for pulse transmission time. 


Results 


The relevant data on all patients in- 
vestigated are summarized in Table I. 

The systolic pressure in the brachial 
artery was higher than that in the aorta 
in all but 2 patients. The diastolic pressures 
in the aorta were found in 3 patients to be 
equal to, in 19 to be higher than, and in 2 
patients to be lower than, that in the 
brachial artery. 

The constantly observed pathophysio- 
logic phenomenon in aortic stenosis was the 
presence of a systolic pressure gradient 
between the left ventricle and the aorta. 
In 6 patients a negative systolic pressure 
gradient existed between the left ventricle 
and the brachial artery, i.e., the systolic 
pressure in the latter was higher than that 
in the former (Fig. 1). The negative gradient 
ranged from 2 to 39 mm. Hg. However, the 
mean systolic pressure was always higher 
in the left ventricle than in the aorta and 
brachial artery as well. This mean systolic 
pressure gradient ranged from 6 to 60 
mm. Hg for the aorta and from 6 to 55 
mm. Hg for the brachial artery. 

A comparison of the gradient, flow, and 
calculated valvular areas, employing the 
brachial arterial and aortic tracings, is 
made in Table II. In general, there was a 
good agreement between the two methods 
of calculation. 


IA aortic stenosis there is an obstruction 
to the flow of blood from the left ventricle. 


ANV.F. 


A.V.A. (cm.2) = 


44.5 L.V.s.m.— AO 


A.V.F. (ml./S.E.P. second) = 


S.E.P. X H.R. 


A.V.A. (cm.?) = aortic valvular area 

A.V.F. (ml./S.E.P. second) = aortic valvular flow 

ig) = mean systolic ejection pressure of left ventricle 

AO (BA)s.m. (mm. Hg) = mean systolic ejection pressure of aorta (brachial artery) 
C.O. (liters/minute) = cardiac output 

S.E.P. (sec.) = systolic ejection period per beat 


H.R. 


= heart rate 
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Table 1. Hemodynamic studies in 26 patients with aortic stenosis, either pure or in combination 


Pressure (mm. Hg) 
Cardiac 
Cardiac index 

Patient output (L./min./ LV Aorta 
(L./min.) | sq. cm. 
B.S.) 


Systolic/ | Systolic | Systolic/ | Systolic 
diastolic mean diastolic mean 


170/0 110 94/59 70 
180/0 120 135/64 95 
116/3 100 104/71 89 
124/0 104 96/58 76 


704. 133/0 118 100/73 88 


475. 137/5 115 100/73 88 


726. 127/5 103 109/78 93 


741. 152/3 123 96/59 72 


762. 160/0 94 95/54 67 


739. 149/0 100/73 83 


823. 127/5 97/64 


847. 160/0 80/50 


872. 107/3 87/68 


884. 98/0 77/45 


916. 114/0 98/60 


903. 100/0 93/55 


922. 173/6 93/59 


942. 179/0 112/73 


943. 125/5 77/65 


947. 135/5 114/76 


953. 106/0 85/64 


968. 111/8 93/58 


974: 164/0 72/44 


1027. 142/5 117/81 


1126. 150/0 104/56 


M 
F 
M 
M 
M 
M 
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F 
M 
M 
F 
F 
M 
F 
M 
M 
F 
F 
M 
M 
M 
M 
F 
M 
M 
M 


1123. 137/2 96/72 


AS: Aortic stenosis. MS: Mitral stenosis. 
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with oter valvular diseases 


Brachial artery Systolic Size of 
mean Systolic Aortic | aortic valve 
gradient ejection | valvular | (sq. cm.) Diagnosis 


LV-AO period flow 
(mm. Hg) | (sec./min.) |\(ml./min.) 
Systolic/ | Systolic Calcu-| Pal- 
diastolic mean lated | pated 


118/53 78 40 39.6 117 0.4 0.5 Supravalvular AS (pure) 


139/54 105 25 29.0 153 0.7 1.0 Severe AS (operated); MS (operated) 


139/66 93 11 22.0 200 1.4 + — Slight AS (pure) 


116/54 80 28 20.4 392 1.6 — Slight AS (pure) 


116/64 99 30 25.0 272 1.3 — Moderate AS; mild aortic regurgita- 
tion 
103/68 90 27 23.8 164 0.7 0.8 Severe pure AS (operated) 


142/69 95 10 20.7 430 3.1  — Slight AS (pure) 


Severe AS and MS (both operated) 


122/55 76 


104/54 82 37 28.8 191 0.7 —- Severe AS and aortic regurgitation 


112/73 93 24 24.5 286 0.95 1.0 Severe pure AS (operated) 


97/61 68 28 20.2 332 1.4 0.8 Severe pure AS (operated) 


80/45 69 60 23.5 200 0.6 1.0 Severe pure subvalvular AS (operated) 


97/62 79 14 26.4 201 1.3 — Moderate pure AS 
86/45 84 14 25.0 215 1.3 — AS and aortic regurgitation; mitral 
regurgitation and slight MS 

100/58 88 22 24.0 229 1.1 — Severe MS (operated); severe AS; 
slight aortic regurgitation 

98/48 81 12 23.4 261 1.7 — _ Slight AS; slight mitral regurgitation; 
slight to moderate MS 

110/60 81 51 35.0 195 0.75 0.8 Severe pure subvalvular AS (operated) 

158/65 88 41 30.0 160 0.75 1.0 Severe AS and MS (both operated) 

93/62 75 22 32.0 237 1.1 1.0 Severe pure AS (operated) 

144/70 4 Slight AS (pure) 

108/61 80 12 34.0 188 1.2  — Moderate MS (operated); slight AS 
and aortic regurgitation 

114/57 82 18 32.0 156 0.9 — Moderate pure subvalvular AS (op- 
erated ) 

135/47 0 Severe AS and MS (operated) 


152/72 99 6 23.0 226 2.0 — Mild subvalvular AS (pure) 


126/56 92 40 23.1 268 0.95 —— AS (pure) 


114/71 94.5 30 27.6 276 1.1 — AS (pure) 
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areas using aorta and brachial artery 


Table 11. Comparison of systolic mean pressure, systolic mean pressure gradient, flows, and 
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Systolic mean 
pressure gradient 


Number\ Patient 


Systolic mean 


LV | AO | BA | LV-AO | LV-BA 


1 Fa 110 70 78 40 32 
2 Gro 120 95 105 25 15 
3 Ra 115 88 90 27 25 
4 Ze 100 89 93 11 7 
5 Go 118 88 99 30 19 
6 v.d.Wa_ 104 76 80 28 24 
7 v.d. Po 103 93 95 10 8 
8 Tey 107 83 93 24 14 
9 Rij-Ra 123 72 76 51 47 
10 Ho 94 67 82 27 22 
11 De-Ou 96 68 68 28 28 
12 Re 124 64 69 60 55 
13 v.Ha 86 72 79 14 7 
14 Goe-Dy 90 76 84 14 6 
15 de Gro 91 79 81 12 10 
16 Bo 98 76 88 22 10 
17 La-Kli 127 76 81 51 46 
18 Gi-Neu 119 78 88% 41 31 
19 Ke 92 70 75 22 17 
20 Da 125 101 101 24 24 
21 Ke 90 78 80 12 10 
22 Keu 93 75 82 18 11 
23. Moe 115 64 75 51 40 
24. Ve 105 99 99 6 6 
25 Tet 115 85 94 30 21 


0 16.5 17.4 315 299 
33 27.6 28.6 275 266 
317 


S.E.P. A.V.F. A.V.A 
%*| AO | BA | AO | BA | %t| AO | BA | % 
4.3 37.2 14. 1H 7 65 05 
40 23.1 25.9 186 166 11 0.8 1.0 25 
7 8.0 19 16 %7 05 O05 
99.6 21.5 222 8 1.5 1.79 
37 27.3 28.6 249 238 4 1.0 1.2 2 
62.7 27.8 31 1359 
20 20.7 22.6 430 394 8 3.0 3.1 3 
42 29.7 29.7 2% 2% 0 1.11 14 
8 25.6 26.4 211 204 3 06 06 90 
18 30.0 3.0 18 18 0 0.7 0.9 & 
0 235 4.3 Ms 2% 3 12 149 
8 24.1 28.2 195 167 14 0.5 0.5 90 
24.0 27:6 221 192 13 1.3 
36% 321 4 2.2 23-5 
10 222 222 0 07 
24 27.2 28.3 176 169 4 0.6 0.7 17 
32.2 25 28 3 1.2 
0 21.8 23.5 29 MB 7 1.3 12.4 
40 30.7 30.7 163 163 0 0.9 1.1 22 

2:9 22 

0 1.1 1.4 


*Decrease in LV-BA gradient in percentages of LV-AO gradient. 


tDeviation of aortic valvular flow as calculated on brachial artery in percentages of value on aorta. 


In an attempt to maintain the aortic 
valvular flow there is a rise in the ventricu- 
lar systolic pressure, with the establishment 
of a pressure gradient across the aortic 
valve during the systole. This pressure 
gradient is a constant pathophysiologic 
phenomenon in this disease, provided that 
the narrowing of the aortic orifice is severe 
enough. 

Most investigators have used the brachial 
arterial pressure in the measurement of the 
systolic gradient across the aortic valve 
and in the estimation of the size of the 
aortic orifice. 

It has been shown by Wright, Toscano- 
Barboza and Brandenburg™ that the form 
of the central pressure pulse is transmitted 
to the periphery more faithfully in persons 
with aortic stenosis than in normal persons. 
In a previous paper® it was pointed out 


tDeviation of aortic valvular area as calculated on brachial artery in percentages of value on aorta. 


that the systolic peak pressure in the 
brachial artery is almost constantly higher 
than that in the aorta. In cases of severe 
aortic stenosis, however, both systolic 
pressures may be equal. 

In the present study it is noted that in 
cases of moderate to severe aortic stenosis 
(area of thc aortic valve less than 1.0 
sq. cm.) the systolic pressure was always 
higher in the left ventricle than in the 
brachial artery. However, in some cases 
of mild aortic stenosis (area of the aortic 
valve more than 1.0 sq. cm.) the reverse 
may happen. This was already observed 
by Brock and co-workers.!® 

The pressure gradient across the aortic 
valve has too great a range to permit the 
use of pressure alone in the assessment of 
the degree of aortic stenosis,"-" for the 
gradient is a function not only of the 
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Fig. 1. Pressure pulses showing a positive systolic 
pressure gradient ketween the left ventricle and the 
aorta, but a negative gradient between the left 
ventricle and the brachial artery. 
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Fig. 2, Comparison of areas of aortic valves as 
calculated on tracings from aorta and brachial artery. 
See text. a: Line of identity. b: Regression line. 


severity of the obstruction, but of the 
aortic blood flow as well. The blood flow 
varies with the circumstances under which 
it is measured. This emphasizes the im- 
portance of measuring both the pressures 
and flow at the same time and relating them 
to one another. 

The aortic valvular areas calculated by 
means of the brachial arterial pressure 
pulse were compared with those obtained 
from the aortic tracings. Because of the 
great difference in the systolic peak pressure 
between the central and peripheral tracings, 
one would expect a discrepancy between 
the values obtained by the two methods. 
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Surprisingly, a reasonable agreement be- 
tween both methods was found, even in 
those cases in which a negative systolic 
pressure gradient between the left ventricle 
and the brachial artery was found (Fig. 2). 
If a line of identity (line a) is drawn in this 
figure, the agreement in cases with aortic 
valvular area of 0.75 sq. cm. or less is even 
greater. This supports the finding of Gold- 
berg and associates!® in their study, which 
included only cases of severe aortic stenosis. 

In order to see whether there was a 
relation between the two calculated values 
of the aortic valvular area, a linear regres- 
sion was assumed, having the equation y = 
a.x (where y is the value on the aorta and 
x that on the brachial arterial tracing). 
The constant coefficient was omitted, be- 
cause, when the aortic valvular area as 
calculated on the aortic tracing is zero, 
that on the brachial arterial tracing will be 
zero as well. 

The regression coefficient was computed 
according to the method of the least 
square distances, i.e., the perpendicular 


systolic ejection period 
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Fig. 3. Comparison of systolic ejection period as 
measured on tracings from ‘the aorta and _ brachial 
artery. 
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aortic valve flow 
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Fig. 4. Comparison of aortic valvular flow as 
calculated on tracings from the aorta and brachial 
artery. 


distance from the measured point to the 
assumed regression line. It was found to be 
1.12, with a standard deviation of 0.15; 
its 95 per cent confidence interval ranged 
from 1.07 to 1.17 (t-test). 

The correlation coefficient was calculated 
according to the normal procedure and was 
found to be 0.96; its 95 per cent confidence 
interval ranged from 0.91 to 0.96 (Fisher’s 
z-transformation). 

In order to explain the reason for a 
similar result by both methods the following 
points are emphasized: (1) The systolic 
ejection period as measured on the brachial 
artery is equal to or slightly longer than 
that on the aorta (Fig. 3). Thus, the cal- 
culated aortic valvular flow is the same in 
both cases or is smaller in the former case 
than in the latter (Fig. 4). The difference 
in percentages of the aortic value ranges 
from 0 to 13 per cent. (2) The systolic 
mean pressure as measured on the brachial 
artery, too, is equal to or higher than that 
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measured on the aorta (Fig. 5). Con. 
sequently, the systolic mean pressure gra. 
dient between the left ventricle and the 
brachial artery is equal to or smaller 
than that between the left ventricle and the 
aorta (Fig. 6). The difference in percentages 
of the latter mounted from 0 to 57 per cent, 

One can see from Table II that in 
most of the cases the calculations using the 
values for the brachial artery show not 
only a smaller mean systolic gradient, but 
a smaller aortic blood flow as well. These 
two factors are matching, with the result 
of similar size of aortic valvular area 
obtained by either of the calculation 
methods. 

The influence of changes in the systolic 
mean pressure gradient and in the aortic 
valvular flow on the calculation by the 
formula of Gorlin and Gorlin is studied by 
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Fig. 5. Comparison of systolic mean pressure 00 
aortic and brachial arterial tracings. 
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systolic mean pressure gradient 
60 (mm Hg) 
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Fig. 6. Comparison of systolic mean pressure gradient 
between the left ventricle and aorta, and between 
the left ventricle and brachial artery. 


assuming a reduced systolic mean pressure 
gradient value, whereas the aortic valvular 
flow is kept unchanged or is diminished at 
the same time (by subtraction of 10 and 
of 20 per cent). The graph in Fig. 7 shows 
the percentage of error in the estimation 
of the aortic valvular area when the sys- 
tolic pressure gradient is reduced from 
0 to 60 per cent, in combination with the 
variation of the aortic valvular flow. 

As one will note, there is a change in the 
calculated aortic valvular area when the 
systolic mean pressure gradient is reduced, 
either alone or in combination with the 
diminution of the aortic valvular flow. 
In the first case (with unchanged aortic 
valvular flow) the deviation of the esti- 
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mated aortic valvular area will go as high 
as 40 per cent when the mean systolic 
gradient gradually decreases to 50 per cent 
of its original value. If there is a concomi- 
tant reduction in the aortic valvular flow, 
the deviation of the calculated size of the 
valve becomes smaller. In case of reduction 
in the aortic valvular flow by 20 per cent, a 
deviation of only 13 per cent is found at a 
diminution of the mean systolic pressure 
gradient by 50 per cent. 

The average and standard deviation in 
Table II of (1) the decrease in the gradient 
when using the brachial artery as compared 
to the aorta, (2) the decrease in the aortic 
valvular flow as calculated from the brachial 
arterial pressure curve in comparison to 
the flow calculated from the aorta, and (3) 
the deviation of aortic valvular area as 
calculated from the brachial artery in 
relation to the value calculated from the 
aortic flow-gradient data, have not been 
calculated, since it is easily noted that 
the values are not normally distributed. 

However, in order to give a descriptive 
value the mean of the whole series was 
taken, the mean being 4% (xi3 + x1), 
where x13 and x14 are the values when the 
series were ordered according to the size 
of their values. 

These means were found to be, respec- 
tively, (1) 23 per cent, (2) 1 per cent, and 
(3) 18 per cent. Application of the values 
(1) and (2) to the nomogram of Fig. 7 
shows an expected deviation in calculation 
of the aortic valvular area of about 14 
per cent, which is quite close to the ex- 
perimentally determined mean value (3), 
which was 18 per cent. 

In the same frame the differences between 
the calculated aortic valvular areas based 
on the brachial arterial curves and those 
based on aortic tracings (in percentages 
of the latter values) are plotted in reference 
to the concomitant difference between the 
mean systolic gradient in the respective 
pressure pulses (in percentages of the values 
obtained from the aortic tracings) (Fig. 
8). One will see immediately the fairly 
small difference in result between the two 
methods of calculation. It is in all except 5 
cases within 25 per cent of the value cal- 
culated from aortic tracings, which is quite 
acceptable for clinical purposes. The reason 
for this difference is evident if the difference 
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in mean systolic pressure gradients is taken 
into account. As pointed out before, the 
difference will be even greater if the actual 
aortic valvular flow has been used. 


% deviation aortic 


valve area aortic valve flow 
constant 
-10% 
-20% 
10 30 50 
a % decrease systolic 
i mean pressure gradient 
-20 


Fig. 7. Percentages of deviation of the calculated 
aortic valvular area when the systolic mean pressure 
gradient decreases, either alone or in combination 
with a decrease in aortic valvular flow. See text. 


% deviation aortic 
valve area aortic valve flow 


constant 


-10% 


% decreabe systolic 
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Fig. 8. Relationship between deviation of calculated 
aortic valvular area and decrease in systolic mean 
pressure gradient of the cases presented. See text. 
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The conclusion is that for clinical pur. 
poses the brachial arterial tracing may be 
used in conjunction with the left ventricular 
pressure in assessing the pressure gradient 
and the degree of severity of aortic stenosis, 


Summary 


Twenty-six patients with aortic stenosis, 
either pure or in combination with other 
valvular diseases, have been studied by 
combined right and left heart catheteriza. 
tion. The latter was carried out in a retro. 
grade way via the brachial artery. 

In moderate to severe aortic stenosis the 
systolic pressure in the left ventricle was 
constantly higher than that in the aorta 
or that in the brachial artery. But in mild 
aortic stenosis, although there was a systolic 
pressure gradient between the left ventricle 
and the aorta, there could be a negative 
systolic pressure gradient between the left 
ventricle and the brachial artery. 

When the calculated aortic valvular areas 
obtained by means of the brachial arterial 
and the aortic tracings were compared, the 
values did not differ much from each other. 
An explanation of this. phenomenon was 
offered. 

Thus, for clinical purposes the brachial 
artery may be used in calculating the size of 
the orifice of the aortic valve. 


We wish to express our appreciation to Dr. A. 
Schaepkens van Riempst and Dr. A. Griindemann, 
who performed the operations and allowed us to 
use their data. We further are indebted to Dr. Th. 
Strengers, who made the blood oxygen determina- 
tions and the respiratory gas analyses, and to Dr. 
L. H. van der Tweel and Dr. J. Strackee for their 
statistical advice. 
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A method of 


angiocardiographic visualization of septal defects 


Duncan A. Killen, M.D. 
Edward M. Lance, M.D. 
Nashville, Tenn. 


demonstration of 
cardiac septal defects is enhanced in 
the presence of a right-to-left transseptal 
shunt.! However, when there is an isolated 
interatrial or interventricular septal defect, 
the transseptal shunt is, as a rule, left to 
right; and under these circumstances, an- 
giocardiographic visualization of the septal 
defect is usually impossible. An experi- 
mental method of visualizing such defects 
by virtue of temporary reversal of the 
transseptal shunt during angiocardiography 
has been developed. 


Method 


Interatrial and interventricular septal 
defects of 6 to 10 mm. in diameter were 
produced in healthy adult mongrel dogs. 
The technique of creation of the interatrial 
septal defects has been described previously.’ 
The interventricular septal defects were 
made by means of a similar blind punch 
method. Both acute and chronic prepara- 
tions were obtained. The acute groups of 
animals underwent angiocardiographic ex- 
amination immediately after creation of 
the septal defects. The animals of the 
chronic group were subjected to angio- 
cardiography 7 to 8 months after creation 
of the septal defects. 


Medicine, Nashville, Tenn. 
Received for publication Jan. 11, 1961. 


190 


utilizing transient pulmonary artery tamponade 


Selective right heart angiocardiography 
performed in the “‘routine’’ fashion pro- 
vided control studies. These control angio- 
cardiograms were compared with angio- 
cardiograms obtained by injection of 
contrast medium into the right heart com- 
plemented by balloon-catheter tamponade 
of the main pulmonary artery. The injection 
catheter was introduced into the jugular 
vein and positioned in the right heart 
(right atrium for the demonstration of an 
interatrial septal defect, and right ven- 
tricle for the demonstration of an inter- 
ventricular septal defect) under fluoroscopic 
control. The balloon catheter (which con- 
sisted of a No. 7 Cournand catheter modi- 
fied to carry an inflatable balloon of 30-c.c. 
capacity at its tip) was threaded through 
the other jugular vein and positioned in 
the main pulmonary artery. In the acute 
preparation the balloon catheter, for the 
sake of expediency, was passed via a right 
ventricular stab wound into the main 
pulmonary artery. 

After the animals had been properly 
positioned, the control angiocardiograms 
were recorded by means of the rapid film 
exposure technique. After a period of re- 
covery the test angiocardiograms were ob- 
tained by incorporation of the following 
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Fig. 1. Artist’s representation of the method of demonstration of septal defects by 
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impedance angiocardiography (right heart angiocardiography in conjunction with 
transient tamponade of the pulmonary artery). A, Demonstration of an interatrial 


steps into the procedure: (1) The pulmo- 
nary-artery occluding balloon was rapidly 
inflated with 10 c.c. of room air. (2) After 
a prearranged period of pulmonary artery 
occlusion, varying from 0 to 15 seconds, 
had passed, the contrast medium was 
manually injected through the injection 
catheter. (3) Angiocardiographic exposures 
were obtained, again by means of the 
multiple film technique. (4) Occlusion of the 
pulmonary artery was maintained during 
the period of x-ray exposure but was im- 
mediately released upon completion of the 
filming process. These maneuvers permitted 
injection of contrast medium into the 
right heart during a period of impeded 
outflow from the pulmonary artery, and 
forced contrast medium through the septal 
defect (Fig. 1). 


Results 


Only transient and reversible hemody- 
namic changes occurred as a result of the 
block in the pulmonary outflow tract. The 
control angiocardiograms in both the acute 
and chronic preparations consistently failed 
to verify the presence of the experimentally 


septal defect. B, Demonstration of an interventricular septal defect. 


produced septal defects. Right heart angio- 
cardiography in conjunction with balloon- 
catheter tamponade of the main pulmonary 
artery failed to demonstrate transseptal 
passage of the contrast material in the 
chronic animal preparations. Necropsy ex- 
amination after completion of the angio- 
cardiographic studies revealed complete 
cicatricial closure of the septal defects in 
these animals. In the acute group of 
animals, balloon tamponade of the pulmo- 
nary artery in conjunction with right heart 
angiocardiography verified, in each instance, 
the presence of an interatrial or inter- 
ventricular septal defect by virtue of trans- 
septal passage of the contrast bolus from 
the right heart into the left heart. In the 
majority of instances the lumen of the 
defect itself could be visualized (Figs. 2 
and 3). 


Radiographic visualization of interatrial 
or interventricular septal defects by tem- 
porary obstruction of flow in the pulmonary 
artery by means of balloon tamponade 
during right heart angiocardiography is 
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Fig. 2. Angiocardiographic demonstration of interatrial septal defect (left anterior oblique position; 5 c.c. of 
Urokon 70 per cent; manual injection). A, Control angiocardiogram showing opacification of right heart and 
pulmonary arteries after right atrial instillation of contrast medium through the superior caval catheter. No 
contrast medium is present in left heart. B, Angiocardiogram in the same animal during transient balloon 
tamponade of the pulmonary artery, showing simultaneous opacification of right heart and left heart. C, Line 
diagram emphasizing the chamber opacification present in B. Arrows outline easily visualized septal defect. 


Fig. 3. Angiocardiographic demonstration of interventricular septal defect (left anterior oblique position; 10 
c.c. of Urokon 70 per cent; manual injection). A, Control angiocardiogram fails to show opacification of the 
left heart. B, Angiocardiogram in the same animal during transient balloon tamponade of the pulmonary artery, 
showing simultaneous opacification of the right heart, left ventricle, and the aorta. Opacification of right pul- 
monary artery indicates incomplete block of main pulmonary artery. C, Line diagram emphasizing chamber 
opacification present in B. Arrows outline the defect in muscular portion of ventricular septum. 
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feasivle. Intubation of the pulmonary artery 
and ‘emporary occlusion of a main pulmo- 
nary artery by the use of balloon catheters 
has een performed in man without undue 
associated risk.* It seems likely that useful 
information as to the anatomic character- 
istics of interatrial or interventricular septal 
defects might be obtained by clinical ap- 
plication of this method of angiocardi- 
ography. However, whether or not such 
a method has clinical practicability is 
unanswered, 
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i peripheral vascular disease, ‘‘arteriog- 
raphy is the only method which allows an 
accurate assessment of the presence of early 
disease, the level and length of the block, . . . 
and 1s essential if direct surgery 1s contem- 
plated.”' In the clinic, however, we often 
desire a method to indicate whether an 
arterial obstruction is suitable for surgical 
repair without using the time and expense 
of an arteriogram; and in the long-term 
study of patients some objective measure 
of their progress is required. 

These requirements appear to be met by 
the mercury-in-rubber strain gauge plethys- 
mograph described by Whitney? (Fig. 1) 
which has been used to investigate the 
circulation to a limb in terms of segmental 
blood flow, local arterial pressure, and the 
volume of pulsation. Investigation of the 
method was based on the premises that 
distal to an arterial obstruction there should 
be: (a) a local reduction in arterial pres- 
sure, (b) reduction in blood flow, and (c) 
changes in the form of the recorded pulse, 
such as a delay in its appearance, a diminu- 
tion of its amplitude, and a slowly rising 


curve. 


Investigation of arterial obstruction 
using a mercury-in-rubber strain gauge 


H. Edward Holling, M.D., F.R.C.P. (London)* 


Material and methods 


Material. Measurements have been made 
on 30 normal subjects, on 76 with arterial 
obstruction, and on 15 in whom arterial 
obstruction had been suspected but later 
disproved. The nature of the obstruction 


in the 76 patients was: acute embolic 


occlusion, 2 patients; atheromatous ob- 
struction of major arteries, 32 patients; 
atheromatous obstruction of major arteries 
and occlusion of smaller vessels, 29 patients; 
occlusion of small vessels only, 6 patients; 
medial arteriosclerosis, 7 patients. 
-Environmental conditions. The patients 
and subjects were studied under normal 
environmental conditions, except when the 
effect of alteration of environmental con- 
ditions was being observed. All measure- 
ments were made with the subjects or 
patients in the recumbent position. 
Construction and calibration of mercury-in- 
rubber strain gauge. This is a rubber tubef 
filled with mercury; when the tube is 
stretched, the column of mercury is nar- 
rowed and its electrical resistance rises in 
proportion to its increase in length. The 
gauge is connected as one arm of a Wheat- 
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Fig. 1. Strain gauge applied to calf for exercise test. 


stone bridge, and when its resistance in- 
creases, the resulting imbalance of the 
bridge can be recorded by a galvanometer. 
Elsner and associates* describe the im- 
pedance matching circuit which we used, 
and also the caqnnections required fcr use 
with a Sanborn carrier preamplifier (Model 
150-1100). For reasons described below we 
also introduced into one arm of the bridge 
circuit a switch by means of which a 12,500- 
ohm resistance could be put into circuit. 

The relationship between elongation of 
the gauge and increase in its electrical 
resistance is affected by the initial tension 
on the gauge. The gauge is applied at a 
tension of 15 grams so that it remains in 
sufficiently close contact with the limb to 
follow its changes in dimension, but is not 
tight enough to obstruct the venous circu- 
lation. The gauge measures changes in 
circumference which can be used to deduce 
changes in volume if the cross section of 
the limb is regarded as being circular. 

In practice, half a dozen gauges of 
different lengths are kept available and 
each is provided with a connection so that 
it can be readily plugged into circuit. 
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The gauges are calibrated in advance by a 
method designed to simplify calculation 
of the results. One end of the gauge is 
firmly attached to a vernier scale (the 
moving stage of a microscope is suitable) 
which is fixed to an upright board. A 15- 
gram weight is fastened to the other end 
by means of a thread so that the weight 
can hang freely. Without alteration in the 
length of the gauge, the end attached to 
the thread is firmly fixed to the board with 
adhesive plaster, and the board is then laid 
horizontally. The circuit is balanced with 
the gauge so fixed. The length cf the gauge 
is measured, and the vernier scale is used 
to elongate it by exactly 1 per cent of its 
length. The amplification is adjusted so 
that this change results in a deflection of 
2.5 cm. When this has been done, the 
12,500-ohm resistance is switched into cir- 
cuit, and the resultant deflection is re- 
corded. Thereafter, whenever this gauge 
is used, the amplification is adjusted until 
switching in the resistance gives the re- 
corded deflection; it then follows that an 
elongation of the gauge by 1 per cent will 
give a deflection of 2.5 cm. on the record. 

In use, a gauge first is fixed vertically 


‘with a 15-gram weight hanging from it. 


The circuit is balanced and, as the 12,500- 
ohm resistance is switched in and out, the 
amplification is suitably adjusted until the 
deflection corresponding to the gauge is 
obtained. The gauge is then wrapped around 
the limb, and the circuit is brought into 
balance, not by altering the controls but 
by stretching or relaxing the gauge as 
required; when this is done, it follows that 
the gauge is applied to the limb at a tension 
of 15 grams. The ends of the gauge are 
simply fixed to the limb by means of 
adhesive plaster (Fig. 1). No correction 
for temperature is made because the re- 
sponse of the gauge does not change sig- 
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Fig. 2. Measurements of systolic pressure. Volume 
record of foot as pressure in ankle cuff is reduced. 
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Fig. 3. Blood flow through calves of patient with arterial obstruction predominantly in the left leg. The blood 


flow through the grossly ischemic calf is shown by an interrupted line, that through the more normal calf by a 
continuous line. A shows the blood flow after the strenuous exercise of hopping for 1 minute and 20 seconds. 
B shows the blood flow after the mild exercise of walking for 10 minutes. C shows the reactive hyperemia after 


ischemia of 10-minute duration. 


nificantly within the range of temperatures 
of the limb. 

Local arterial pressure. In normal sub- 
jects, intra-arterial pressure was measured 
by a capacitance manometer. Blood pres- 
sure gradients along the leg were measured 
in the following manner. The strain gauge 
is put around the foot, and a blood pressure 
cuff around the ankle. The cuff is inflated 
above systolic pressure, and the pressure is 
then reduced in steps of 5 or 10 mm. Hg 
until the arterial blood just begins to flow 
under the cuff. This point is shown by a 
steady increase in the volume of the foot 
(Fig. 2). Subsequently, occlusion cuffs of 
suitable widths are placed on the calf and 
lower thigh so that the systolic pressure 
can be measured in the same way in these 
regions. The width of the cuff used for the 
measurement of systolic pressure should be 
in accord with the girth of the limb; for the 
thigh, a cuff which is at least 18 cm. in 
width is required. 

Volume pulse. If the sensitivity of the 
recording is increased by turning up the 
attenuation control, the strain gauge can 
be used to give an amplified record of the 
small changes in volume of the limb which 
occur throughout each pulse beat. We have 
called this record the volume pulse. Since 
the attenuation control increases the sensi- 
tivity by a known factor, this record can 
be calibrated, and we can use the strain- 


gauge circuit as a quantitative and re- 
cording oscillometer (Fig. 5). Oscillometer 
readings were also taken by means of a 
Collens oscillometer. 

Blood flow. Blood flow was measured by 
the venous obstruction method of Hewlett 
and Van Zwaluwenburg.! Since the ampli- 
fication is adjusted to give a deflection of 
2.5 cm. with a 1 per cent increase in length 
of the gauge, it follows that the period of 
time required for inflow of blood to achieve 
a deflection of 2.5 cm. is the time required 
to increase the circumference of the limb 
by 1 per cent. If the section of the limb 
is circular, an increase in circumference 
by the small amount of 1 per cent cor- 
responds to a 2 per cent increase in cross- 
sectional area. For the purposes of trans- 
lating this change into a change in volume, 
the cross section of the limb encircled by 
the gauge is regarded as representing a 
section of limb of arbitrarily greater length, 
and we may choose this length so that the 
volume of the section will be 100 ml.; in 
most limbs this would be a section of less 
than 1 cm. in thickness. When this 1s 
done, the per cent changes in cross-sectional 
area can, without further calculation, be 
written down as per cent changes in vol- 
ume. If from the record we find that X 
seconds is the time taken for a deflection 
of 2.5 cm. to occur, we can calculate that 
the volume of blood flowing into each 100 
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ml. c: limb is 2 X 60 per X milliliter per 
minuie. 

Excrcise tests and reactive hyperemia. The 
capacity of the circulation to respond to 
increcsed demands for blood flow can be 
determined by exercising the muscles of 
the limb and measuring the blood flow 
immediately afterward (Fig. 3). The strain 
gauge is particularly useful for this purpose 
because it can be applied to the calf while 
the patient wears his usual walking shoes, 
and without inconvenience to his usual 
gait. The strain gauge can also be used for 
a quantitative reactive hyperemia test 
when the increase in blood flow which 
follows 10 minutes cf occlusion of the cir- 
culation to the limb is measured. 


Results 


Reliability of measurements. We have con- 
firmed the findings of Clarke and Hellon® 
that measurements of blood flow made by 
strain gauge correspond with these made by 
volume plethysmograph. The agreement at 
low amplification encourages the belief that 
the measurements of volume pulse at 


SYSTOLIC PRESSURE 
(mm. Hg) 


Fig. 4. Systolic pressure (Jeff) and volume pulse (right) in a case of embolus to 
the bifurcation of the right brachial artery. The figures on the arm indicate the 
distance in centimeters from the point of the olecranon. 
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greater amplification may also be reliable, 
but this cannot be readily checked. The 
systolic blood pressure measured by strain 
gauge in normal subjects may be as much 
as 5 mm. Hg below that measured by intra- 
arterial manometry. We have not com- 
pared the two methods of measurement in 
patients with vascular disease; however, 
replications within 5 mm. Hg are easily 
obtainable, and we think that under 
optimal conditions a measured fall of 10 
mm. Hg is significant. 

Effect of varying environmental conditions. 
because we did not observe our patients 
under closely controlled environmental con- 
ditions, it was important to observe what 
effect differences in their bodily warmth 
may have had on results. Observations were 
made on 3 normal subjects in a cool state 
and continued as they were warmed up 
until a release of vasomotor tone occurred; 
an example is given in Table I. The state 
of warmth of the subjects had no effect 
on the gradient of systolic pressure in the 
legs down to the level of the ankle. When 
the subjects were cold and vasoconstricted, 


VOLUME PULSE 
(m1./100 mi./beat) 


Yalan: <2 
Numbe: 2 
At 0.034 
| 4 0.042 
120 CM. 0.054 
95 
0.025 
0.018 
fn, 0.021 
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Table 1. Systolic pressure, volume pulse, and blood flow in the lower limb of a normal subject 
during body warming 


Warm | Cool | Comfortable; Warm | Cool | Comfortable| Warm 


Cool | Comfortable 


Thigh Ankle Brachial artery 


Systolic pressure 130 130 130 120 120 120 128 125 125 


Diastolic pressure — — — — — — 84 85 82 
(mm. Hg) 


Calf Instep 


Volume pulse 0.022 0.027 0.028 | 0.028 0.031 0.032 | 0.012 0.023 0.021 
(ml./100 ml./puise) 
Blood flow 5.8 6.8 5.8 2.6 4.6 5.4 1.6 2.2 6.3 


(ml./100 ml./min.) 


Table 11. Circulatory measurements in the lower limbs of 25 normal subjects 


Mid calf Ankle Instep 


| Thigh | Upper calf 


Systolic pressure No significant pressure gradient from arm to leg or down the leg was found 
Volume pulse 

(ml./100 ml./pulse) 
Mean value 0.037 0.040 0.046 0.041 0.036 
Standard deviation 0.015 0.012 0.013 0.011 0.017 


Blood flow 


(ml./100 ml./min.) 
Mean value 2.4 25 326 44 a5 
Standard deviation i: 3.0 2.9 


Oscillometer readings 
(arbitrary units) 


the volume pulse in the feet was reduced, Findings in normal subjects. The averages 


but that in the more proximal parts of the of measurements from: 25 subjects, who 
limbs was little affected. Since our observa- were between 20 and 30 years of age, taken 
tions were made with the patients com- under the same conditions as those for the 
fortably warm, we think it unlikely that patients are given in Table II. Allwood’ 
the magnitude of the volume pulse could has shown that the blood flow in the calf 
have been seriously affected by the con- does not change significantly with age; 
ditions of observation. The blood flow to so, we have used these results from younger 
the feet increased as increasing warmth of subjects for comparison with the results 
the subject led to relaxation of the vaso- obtained from patients who were 40 to 
motor tone; although as previously de- 70 years old. In 4 subjects the reductions 
scribed,® no significant increase to the in volume pulse and blood flow in the 
calf occurred. Thus, environmental con- forearm were compared as the brachial 
ditions would affect the rate of blood flow artery in the antecubital space was sub- 
through the feet only, and we have made jected to gradually increasing pressure. An 


little use of this particular measurement. example of the results is shown in Fig. 8 


| 
i 
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Example of exercise and reactive hyperemia 
tests. A, B, and C of Fig. 3 show the use 
of exercise and reactive hyperemia tests to 
measure the capacity of the circulation to 
respond to demands for increased blood 
flow. The patient was a man with a localized 
obstruction of the left iliac artery, which 
was treated by thromboendarterectomy. 
There was no significant circulatory ob- 
struction in the right leg. The findings are 
discussed later. 

‘Findings in different forms of arterial 
disease. 

A. ACUTE ARTERIAL OBSTRUCTION. The 
characteristic findings when an embolus 
is present are a normal circulation proximal 
to it, and distal to it a sharp reduction in 
amplitude of volume pulse and arterial 
pressure. The distal blood flow is charac- 
teristically reduced (Fig. 4). 

B. ATHEROMATOUS OBSTRUCTION OF MAJOR 
ARTERIES. In this condition a series of re- 
ductions of arterial pressure and volume 
pulse may be expected over the major 
arteries. Collateral circulation is so de- 
veloped that it is seldom that the blood 
flow at rest is reduced, and a reactive hy- 
peremia test is required to disclose the 
circulatory deficiency. The results shown 
in Table III demonstrate how surgical 
relief of aortic obstruction may return to 
normal, or near normal, the reduced volume 
pulse and arterial pressure. In this case, 
additional obstruction in the left popliteal 
artery was suggested by a systolic pressure 
gradient of 10 mm. Hg between the thigh 
and calf, and since after operation the 
femoral arterial pressure and this gradient 
were increased, the existence of a popliteal 
obstruction was more likely; nevertheless, 
the improvement in circulation was suffi- 
cient to relieve symptoms. 

C, ATHEROMATOUS OBSTRUCTION OF MAJOR 
ARTERIES AND OCCLUSION OF MEDIUM-SIZED 
VESSELS. With extensive obstruction there 
is a progressive reduction in arterial pres- 
sure and volume pulse from the femoral 
region to the foot; but very often the blood 
flow at rest remains within normal limits. 
Eighteen of 29 patients who had wide- 
spread arterial obstruction proved to be 
diabetic, 6 had been diagnosed as having 
thromboangiitis obliterans more than 10 
years previously, and in 5 no cause for 
obstruction of small vessels was found. The 
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results obtained from a patient with a 
combination of atheroma and thrombo- 
angiitis obliterans who had had his right 
leg amputated 2 years previously are shown 
in Table IV. From the figures obtained it 
was judged that the obstruction in his 
left leg was too widespread for arterial 
repair, and this opinion was confirmed by 
arteriogram. A sympathectomy led to 
sufficient increase in blood flow in the foot 
to permit healing of a lesion of the second 
toe. 

D. OBSTRUCTION OF SMALL VESSELS. All 
patients with occlusion of small vessels 
only had, or were suspected of having, 
polyarteritis nodosa or disseminated lupus 
erythematosus. The findings are similar 
to those of vasoconstriction due to cold: 
a normal pressure down the leg, with a 
normal or slightly reduced volume pulse 
and a reduced volume pulse and blood 
flow in the foot. The data in Table V illus- 


Ga Left Knee 


Fig. 5. Records of volume pulses at the popliteal 
level from a patient with a left popliteal aneurysm. 


VOLUME PULSE 
(ml./100 mi./beat) 


08) © Normals 


Patients 


6 
LOOD FLOW (mi./100 mi./min.) 


Fig. 6. Relationship between resting blood flow and 
volume pulse in the calf of normal subjects and in 
patients with obstructive arterial disease. The 
volume pulse affords a clear separation of normal 
subjects and patients; the resting blood flow does 
not. 
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Table III. Systolic pressure and volume pulse in the lower limb of a patient with atheromatous 
obstruction of the aorta, before and after thromboendarterectomy 


Thigh 


Right Left Right 


Systolic pressure 

(mm. Hg) 
Preoperative 55 55 
Postoperative 140 130 


Calf Ankle Brachial 
Left Right Left artery 


45 50 45 125/80 
110 140 110 125/80 


Thigh 
Right Left 
Volume pulse 
(ml./100 ml./pulse) 
Preoperative 
Postoperative 0.038 0.045 


Calf Instep 


Right Left Right Left - 


Less than 0.005 ml. per 100 ml. per pulse. Too small to be measured 
0.027 0.024 0.030 0.013 


trate the progression of vascular disease 
in a 42-year-old woman in whom a diag- 
nosis of polyarteritis nodosa was uncon- 
firmed. She had gangrene of two toes of 
the left foot of 6-month duration, with 
barely palpable dorsalis pedis and posterior 
tibial pulses. After she had experienced 
a sudden loss of sensation down the left 
leg, an arterial pressure gradient developed 
between calf and ankle, indicating an 
additional arterial obstruction at this time 
in the lower calf. 

E. MEDIAL ARTERIOSCLEROSIS (MONCKE- 
BERG’S DISEASE). The condition gives rise 
to symptoms in older men when abdominal 
or popliteal aneurysms develop. Such 
aneurysms may be blocked by thrombosis 


A. 


Fig. 7. Volume pulse of ankle of vasodilated subject: 
A, with no restriction of circulation; B, with venous 
outflow obstructed as in recording blood flow. The 
rise in limb volume from the beginning of one 
systole to the next indicates the volume of blood 
which would have flowed through the veins in that 
time; the fall in volume during diastole represents 
the outflow of blood retrogradely along the arteries. 


or provide the site from which emboli may 
pass on to obstruct distal arteries. The 
arterial pressure, as measured by the strain 
gauge, is usually augmented in the legs; 
volume pulse is sometimes, but not invari- 
ably, increased over a popliteal aneurysm, 
and the blood flow is normal. The patient 
from whom the data shown in Table VI and 
Fig. 5 were obtained had expansile pulsa- 
tion in the left popliteal space and _ per- 
sistent cyanosis and pain in three toes of 
the left foot. The aneurysm was demon- 
strated by arteriogram, and subsequently 
relieved by excision and grafting. 


Indwidual measurements. 

LOCAL ARTERIAL PRESSURE. Winsor® has 
shown how the measurement of local ar- 
terial pressure can be usefully applied to 
the investigation of peripheral vascular 
disease. We have found that this measure- 
ment can be used to differentiate the seg- 
mental obstruction caused by an embolus, 
the localized obstruction of major arteries 
caused by atheroma, or the more wide- 
spread obstruction when medium-sized 
vessels are obstructed but the larger vessels 
are patent. In the occasional circumstances 
in which only one of two major vessels to 
a limb is obstructed, measurements of 
arterial pressure may fail to show the 
obstruction. Thus, no reduction in systolic 
pressure at the ankle was found in a patient 
with intermittent claudication and a palp- 
able dorsalis pedis pulse, although the 
volume pulse and the reactive hyperemia 


¥ 
55 
140 
/ 
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in the calf were both reduced. In this case, 
arter ography showed a block of the pos- 
terior tibial artery but no obstruction of 
the anterior tibial arterv. 

VOLUME PULSE. The oscillometer,? oscillo- 
graph,!°!! and the sectional plethysmo- 
graph? have previously been used to record 
the volume pulse in the limbs. Burch" has 
fully described the hemodynamic and 
physiologic principles involved in the study 
of the volume pulse, with particular ref- 
erence to the digital circulation. The rela- 
tionship between volume pulse and blood 
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flow in the normal digit, however, differs 
from that in the more proximal parts of the 
limb. Burton“ found a direct relationship 
between volume pulse and blood flow in 
the digit, but we have been unable to 
demonstrate any relationship in the nor- 
mal calf (Table I and Fig. 6). The dis- 
crepancy is probably due to the fact that 
an increase in blood flow in the normal digit 
is effected by opening up of arteriovenous 
anastomoses,” whereas an increase in blood 
flow in the forearm is believed to be 
achieved by the more general effect of 


Table IV. ‘Systolic pressure, volume pulse, and blood flow in the lower limb of a patient with 
thromboangutis obliterans and atheroma: before and after lumbar sympathectomy 


Upper thigh | Lower thigh 


Brachial blood 
pressure 
(acoustic) 


Calf Ankle Instep 


Systolic pressure (mm. Hg) 
Before 
After 


Volume pulse 
(ml./100 ml./pulse) 
Before 
After 


Blood flow 
(ml./100 ml./min. ) 
Before 
After 


130/90 
140/90 


Too small to be measured 
Too small to be measured 


*Not measured. 


Table V. Circulatory measurements in a case of polyarteritis nodosa before and after an extension 


of arterial obstruction 


| Thigh | Calf 


| Ankle | 


Instep | Brachial artery 


Systolic pressure 

(mm. Hg) 
Before 
After 


Volume pulse 
(ml./100 ml./pulse) 
Before 
After 


Blood flow 
(ml./100 ml./min.) 
Before 
After 


125/85 
125/83 


*Not measured, 


125 90 60 55 
+* 2.3 2.8 Sar 3.0 
| 22 3.5 5.3 
120 120 80 + : 
+ 0.017 0.007 
+ 1.1 ; + 0.3 
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Table V1. Circulatory measurements in a patient with arteriosclerosisand left popliteal aneurysm 


| Thigh | Knee 


| Calf 


| Ankle 


| Instep | Brachial artery 
Systolic pressure 
(mm. Hg) 
Right 200 + 200 200 4 150/90 
Left 200 oe 200 200 + + 


Volume pulse 
(ml./100 ml./pulse) 

Right 0.020 0.018 
Left 


Blood flow 
(ml./100 ml./min.) 

Right + 
Left 


++ 


0.025 0.027 0.024 


On 
on 
++ 
wou 


*Not measured. 


relaxation of resistance vessels. We have 
found that no distinction could be made 
between normal subjects and patients with 
symptoms of arterial disease on the basis 
of blood flow in the resting calf, but 
measurements of volume pulse were dis- 
tinctive. Thus, no patients had a volume 
pulse greater than 0.03 ml./100 ml./pulse 
beat, whereas the volume pulse of normal 
subjects examined was greater than this 
(Fig. 6). In the past, we and others!® had 
disparaged oscillometric measurements in 
clinica! medicine, so that the finding that 
a reduced volume pulse indicated a re- 
duced capacity for blood flow, even when 
the resting blood flow was within normal 
limits, led us to inquire more closely into 
the factors affecting the volume pulse in 
the leg. 

The volume pulse (Fig. 7,A) indicates 
the net balance of blood flowing into and 
out of the limb segment throughout the 
pulse cycle. Although the outflow is usually 
thought of as occurring through the veins, 
Shipley, Gregg and Schroeder!’ have shown 
that there may be considerable retrograde 
arterial flow toward the aorta during 
diastole. Hewlett and Van Zwaluwenburg* 
first remarked that, if diastolic reduction 
of volume was still recorded in a plethysmo- 
graphic tracing when the venous outflow 
was blocked, as during the recording of a 
blood-flow curve, then it was difficult to 
escape the conclusion that retrograde 
arterial flow must be occurring. Such evi- 


dence of retrograde arterial flow is seen 
in Fig. 7,B, where the arterial outflow 
appears to exceed the venous outflow. 
The retrograde flow may be considered 
to be blood which would have passed 
through the tissues had the arterioles been 
sufficiently dilated to receive it; in this 
view, the amplitude of the systolic volume 
pulse in the limb gives an indication of the 
reserves of peripheral circulation. In accord 
with this view is the absence of evidence of 
retrograde flow when the arterioles are 
fully dilated, as is seen during measurement 
of blood flow by venous occlusion at the 
height of reactive hyperemia. It is also 
in accord with this view that relaxation of 
arterioles with vasodilatation in the limb 
should lead to a greater increase in blood 
flow than in volume pulse, whereas in the 
digits, where vasodilatation occurs by 
opening of arteriovenous anastomoses, the 
increases in volume pulse and blood flow 
are comparable." The complexity cf these 
changes is seen in the data given in Table 
I. When vasodilatation occurs by reflex 
heat, no significant change in blood flow’ 
or volume pulse occurs in the calf; at the 
ankle the blood flow doubles but the volume 
pulse changes little; in the foot, where the 
effect of opening of arteriovenous anasto- 
moses is appreciable, volume pulse does 
increase with vasodilatation but still to a 
lesser degree than does blood flow. The 
view that the volume pulse is a better indi- 
cation than resting blood flow of capaci) 


| 
0.020 0.016 0.014 


Volume ©? 
Number 


for blood flow in a limb is also supported 
by the effects of restricting the reserves 
of peripheral circulation by arterial com- 
pressioil. In the experiments shown in 
Fig. 8 the brachial artery in the ante- 
cubital space was. gradually occluded by 
screwing a padded G clamp down on it. 
When the artery was partially occluded by 
this pressure, blood flow was reduced only 
10 to 15 per cent, whereas the volume pulse 
was diminished by more than 80 per cent. 
These experimental results reinforce our 
clinical observations that the volume pulse 
in the limbs is more sensitive to the effects 
of reduction of arterial caliber than is blood 
flow. 

When this study was started, it was 
thought that the changes in the shape of 
the volume pulse curve, i.e., a slower rising 
pulse or a delayed pulse, might be of value 
in the recognition of the site and degree 
of obstruction. These changes (Fig. 4) 
have not added significantly to the in- 
formation afforded by a simple measure 
of the amplitude of pulse volume. 

BLOOD FLOW. In chronic arterial disease 
the development of collateral blood supply 
is usually sufficient to maintain a normal 
resting blood flow. Except in severe 
ischemia and acute arterial obstruction, 
therefore, measurements of blood flow do 
not serve as a reliable indication of the 
vascular insufficiency unless extra de- 
mands are placed on the circulation, as by 
a period of ischemia in the reactive hy- 
peremia test or of muscular work in an 
exercise test. 

The clinical interpretation of measure- 
ments of blood flow in an exercise test 
may be difficult, probably because we 
are not able to measure satisfactorily the 
blood flow to the muscles during the time 
that they are exercising. The data in Fig. 
3 exemplify this difficulty. In this patient 
with predominantly unilateral vascular 
disease the normal right leg showed the 
greater hyperemia after the vigorous ex- 
ercise of hopping 60 times on each leg 
(Fig. 3,4), although after the gentle exer- 
cise of walking 100 yards it showed the 
smaller hyperemia (Fig. 3,B). Black!® has 
shown that a normal circulation can keep 
pace with the blood flow required during 
mild exercise, but when the severity of the 
exercise is increased, a blood-flow debt 
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is incurred which is repaid during the sub- 
sequent hyperemia. Therefore, with mild 
exercise (Fig. 3,B) the blood flow in the 
normal leg can keep pace with the small 
requirement, but the inadequate circula- 
tion in the affected leg incurs a blood-flow 
debt which must be repaid during the 
subsequent hyperemia. During vigorous 
exercise (Fig. 3,4) a metabolic debt is 
incurred in both legs, but is more rapidly 
paid off in the normal leg. 

The adequacy of the circulation to meet 
increased demands may be more readily 
assessed by measurement of the hyperemia 
after a period of ischemia, because the 
entire response can then be measured 
(Fig. 3,C). Before operation the reactive 
hyperemia in this affected leg was con- 
siderably reduced, but after surgical repair 
of the obstructed artery the reactive hy- 
peremia became as great as in the healthy 
leg. 

Clinical application of measurements. 
Commonly, we assess the need for surgical 
treatment of arterial obstruction from the 
severity of the patients’ symptoms and the 
state of nutrition of the tissues at the time 
the history is taken and the clinical exami- 
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INCREASING ARTERIAL COMPRESSION 
(Turns of Screw Clamp) 


Fig. 8. Effect on volume pulse and blood flow in the 
forearm when the brachial artery in the antecubital 
space is subjected to gradually increasing com- 
pression. 
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nation is made. The feasibility of arterial 
surgery is suggested when there is diminu- 
tion or absence of pulsation in the femoral 
or popliteal arteries,!® because arterial 
grafting or thromboendarterectomy is tech- 
nically possible only when the obstruction 
is in or obove the popliteal artery. Valuable 
information in regard to the adequacy of 
the circulation to the feet is given by the 
results of a reflex heating test.2° The usual 
practice is then to define the location and 
extent of the obstruction by means of 
arteriography or aortography before opera- 
tion. 

We make the measurements by strain 
gauge at some time between the clinical 
examination and the taking of the arterio- 
gram. Measurements of the volume pulse 
and systolic pressure down the limb, as 
we have shown, can be used to localize any 
obstruction, or series of obstructions, which 
may be present, and so to indicate the 
level at which surgical treatment, whether 
it be arterial repair or amputation, may 
be undertaken. The volume pulse and pres- 
sure gradient also give an indication of the 
severity of the obstructions and the com- 
pensation afforded by the development of 
collateral circulation. If necessary, the 
capacity of the circulation to meet the 
increased demands can be measured by the 
results of a reactive hyperemia test. 

Because the volume pulse and the pres- 
sure gradient in the thigh and calf are not 
greatly affected by changes in the state 
of warmth of the patient, investigation of 
them does not require a controlled-tem- 
perature room and a wait for basal con- 
ditions. Thus, the measurement by strain 
gauge could be added to the procedures 
used in the clinic to decide which patients 
should be admitted for arteriography. 
Because the equipment described can be 
quickly applied and does not incon- 
venience the patient, it can be used for 
repeated observations. Thus, it is proving 
valuable in following the changes in the 
circulation over a prolonged period of 
observation. 

This conclusion leads us to inquire 
whether equally useful information might 
not be obtained by simpler apparatus. It 
is pertinent to reconsider the use of an 
oscillometer of the Pachon or Collens type 
in place of the strain-gauge plethysmo- 
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graph, for, as customarily used, such jn. 
struments give an indication of pulse 
volume. They can also be used to measure 
the systolic pressure at any level in the 
limb by inflating the cuff to above systolic 
pressure and then gradually reducing the 
pressure and noting the pressure at which 
oscillations are first seen. Sometimes the 
pulsations are so small that the volume 
pulse and systolic pressure cannot be 
measured in this way; but the smallness 
of the pulsation itself is an indication that 
there is a severe degree of arterial ob- 
struction. We have not made a particular 
study of using the oscillometer in this 
way, and we should remind any reader 
who considers doing so that the cuff usually 
supplied is suitable for measurements of 
pressure in the arm, but that a wider cuff 
is required for satisfactory measurements 
in the leg. 


Summary 


The use of the mercury-in-rubber strain 
gauge to measure the circulation to the 
limbs is described. The instrument is 
quickly applied to the limb and can be 
used to make measurements of the cir- 
culation at many points on the limb. It 
has been used to measure blood flow, 
volume pulse, and systolic pressure at 
different levels on the limbs of normal sub- 
jects under various conditions and of 
patients with arterial disease. The range 
of these measurements in the legs of nor- 
mal subjects is defined. 

The measurement of the systolic pres- 
sure gradient down the limb also gives a 
good indication of the location and degree 
of arterial obstruction or obstructions. 

The amplitude of volume pulse has been 
found to be a better indication of the 
location and severity of chronic arterial 
obstruction than are measurements of 
blood flow. This finding led to a considera- 
tion of the relationship between blood 
flow and amplitude of the volume pulse. 
An argument is put forward for considering 
the volume pulse as an indication of the 
degree of reserve of the peripheral circula- 
tion. 

The clinical application of the results in 
the selection of patients for arterial surgery 
is considered, and means are suggested by 
which an oscillometer could be used to 
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proviie information on the location and 
sever ty of obstruction of the larger arteries. 


We wish to thank Mr. George Peirce and Mr. 
Hans Neville for assistance in setting up the strain- 
gauge apparatus. 
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The effect of 


ammonium chloride and sodium bicarbonate on the 
urinary excretion of magnesium, calcium, 


and phosphate 


Helen Eastman Martin, M.D. 
Ruth Jones 
Los Angeles, Calif. 


| farmed few studies have been made 
in the control subject on the effect 
of ammonium chloride or sodium bicar- 
bonate on the urinary excretion of mag- 
nesium, calcium, and phosphate. This 
paper reports such a study in 6 control 
subjects. 


I. Material and methods 


Six healthy ambulatory subjects, who 
were between the ages of 23 and 37 years, 
and who ranged in weight between 112 
and 190 pounds, participated in the study 
(3 male medical students, 1 female medical 
student, 1 medical student’s wife, and 1 
female laboratory technician). They thor- 
oughly understood the importance of the 
test, as to careful 24-hour collections of 
urine, and diet control. These subjects ate 
the same self-selected diet for the 3 periods 
of 5 days each of the experiment and col- 
lected 24-hour samples of urine during the 
same period. No preservative was added 
to the urine when the subjects were taking 
ammonium chloride. Thymol was used as 
a preservative during the control period 
and when sodium bicarbonate was taken. 
Samples of blood were drawn on the third 
day of each 5-day period. The 3 periods 
of study were as follows and in the sequence 
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listed, except in one subject (R. J.) in 
whom periods 1 and 2 were reversed: (1) 
control diet—5 days; (2) control diet plus 
8 Gm. of NaHCO; (95.2 mEq. of sodium) 
daily—5 days; (3) control diet plus 8 
Gm. of NH,Cl (plain) (151.2 mEq. of cal- 
cium) daily—5 days. During the 2 days, 
or more in a few instances, between periods 
the subject ate any diet desired. 

Levels of serum magnesium were deter- 
mined by the method of Simonsen and 
associates,! and magnesium in the urine, 
by a modification of this method; serum 
and urinary calcium, by the method of 
Clark and Collip?; and serum and urinary 
phosphate, by the method of Simonsen 
and associates.’ Levels of serum _ bicar- 
bonate were determined by the Van Slyke 
titration method.4 Urine pH was deter- 
mined by the Beckman pH meter. 


ll. Results 


The urine of all subjects was made more 
acid (pH 4.8-4.9), and the levels of serum 
bicarbonate fell below control values during 
ingestion of ammonium chloride. During 
the ingestion of sodium bicarbonate the 
urine pH became more alkaline (7.2-8.3), 
and there was a slight rise in the levels of 
serum bicarbonate, in all but one subject, 
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Table 1. Effect of NH4Cl on urinary excretion of magnesium, calcium, and phosphate 


Magnesium 


Calcium Phosphate 


Subject, 


age | period | period 


sex, | Control| NH,CI* 


Difference 
(mEq./5| (mEq./5 (mEq.) 
days) | days) 


Control | NH,Cl* Control | NH,Cl* 
period | period 
(mEq./5\ (mEq./5 (mEq.) (mM./5 | (mM./5 (mM.) 
days) | days) 


Difference period | period Difference 


days) days) 


52.54 58.71 


85.45 91.00 


56.40 


$3.19 


33.05 35.01 


40.96 46.08 


26.80 34.75 


+6.17 
+5.55 
+3.21 
+1.96 
+5.12 
+7.95 


45.77 
67.41 
76.25 
32.35 
43.52 


24. 30 


+4.99 + 0.877 


p <.01 >.001 


70.11 +24. 34 147.8 165.8 +18 


85.26 +17.85 207.6 198.7 —8.9 


101.56 +25.31 145.45 160.1 +14.65 


61.3 


49.7 


58.85 


+26.50 115.41 132.95 +17.54 


+17.78 114.05 138.2 +24.15 


+25.40 113.0 156.9 +43.9 
+22.86+ 5.1t +18.2+ 6.9} 
p <.01 >.001 p= .05 


{Standard error of the mean. 


*Eight grams of NH4Cl per day by mouth. 


Table Il. Effect of NaHCO; on urinary excretion of magnesium, calcium, and phosphate 


Magnesium 


Calcium Phosphate 


ject*| period | period 
(mEq./5| (mEq./5 
days) days) 


Control | NaHCO; 


Di ference 
(mEq.) 


Control | NaHCO3;t Control | NaHCO;¢ 
period | period Difference period period Difference 
(mEq./5| (mEq./5 (mEq.) (mM./5 | (mM./5 (mM.) 


days) 


days) 


days) days) 


JA. 52.54 47.47 
E.W. 85.45 79.66 
DH. 53.19 54.76 
SH. 33.05 29.52 
LM. 40.96 35.87 
RJ. 26.80 29.7 


—5.07 
—5.79 
+1.57 
—3.53 
—5.09 
+2.90 
—2.5+1.5f 


45.77 42.95 
67.41 62.75 
76.25 70.10 
32.35 28.46 
43.52 41.40 
24.3 20.3 


147.8 130.9 —16.9 
—4.66 207.6 194.3 
145.45 116.9 —28.55 
115.41 97.3 —18.11 
114.05 117.23 +3.18 
—4.0 113.0 103.8 
—3.81+ 0.64t —13.8+ 4. 3t 
p <.01 >.001 p <.05 >.02 


*See Table I for ages and sex. 


{Standard error of the mean. 


tEight grams of NaHCO; per day by mouth. 


above the control levels, but not above 
the normal for this determination. 

Table I documents the effect of ingestion 
of 8 Gm. of ammonium chloride per day 
for 5 days on the urinary excretion of 
magnesium, calcium, and phosphate in each 
subject as compared to the control period. 
The range of urinary electrolyte excretion 
of the different subjects is seen to vary 


widely in the control period. Despite this 
there was a mean increase in urinary 
magnesium (+4.99 mEq.), calcium (+22.86 
mEq.), and phosphate (+18.2 mEq.), which 
was statistically significant during ingestion 
of ammonium chloride. 

Table II gives the results of ingestion of 
sodium bicarbonate on the urinary excre- 
tion of these same ions. Four of the 6 
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Table III. Review of changes in urinary electrolyte excretion with ingestion of NH4Cl (from the 


Increase over control 


Number electrolyte excretion 
Investigator of NH;Cl 
and year subjects | (Gm.) 


Ca Mg 
(mEq.) | (mEq.) | (mM.) 


Type of Comparison 


PO, 


Wiley et al.,5 1 622 8 
1933 


Tibbetts and Aub,* 1 
1937 1 


67 8.3 
12-18 28 48 


Martin et al., 6 8 
(This study, 1959) 


Keith et al.,? 1 10.5 
1926 


Sartorius and Pitts,® 
1949 1 10.5 


Martin et al. 6 8 
(This study, 1959) 


22.86 4.99 


7.11f 


14 Total increase during 6 days on NH,Cl over 6 
days of control period 


Total increase during 6 days on NH,Cl over 6 
27 days of control period 


18.2 Total increase (mean for group) during 5 days 
on NH,CI over 5 days of control period 


3 1 day on control—3 days on NH,Cl. Figures 
given are maximum 24-hour increase 
while on NH,Cl 


Maximum 24-hour increase on NH,Cl1 over 
19 mean 24-hour excretion of 5-day control 
period 


8.37 Maximum 24-hour increase in electrolyte 
excretion on NH,Cl over mean 24-hour 
excretion of 5-day control period (mean 

for group)t 


*Rearranged and calculated to compare with our results. 
tAll highly significant mean changes. 


subjects showed a decrease in urinary 
excretion of magnesium, whereas 2 showed a 
rise as compared to the control period. 
The mean change was not statistically 
significant. All subjects showed a decrease 
in the urinary excretion of calcium, with 
a mean decrease of 3.8 mEq., which was 
a significant mean change. All but one 
subject showed a decrease in urinary excre- 
tion of phosphate, but the mean decrease 
was not highly significant. 

No significant changes in the values for 
serum magnesium or calcium, as deter- 
mined on the third day of each test period, 
were. found. Some minor to moderate 
variations in the levels of serum phosphate 
occurred in a few subjects, but without 
any definite pattern. 


Presumably, healthy subjects are in 
magnesium, calcium, and phosphate bal- 
ance, and excrete any excess of these ions 


ingested. If each subject ate the same diet 
in each of the test periods, although dif- 
ferent for each subject, change in the 
excretion of electrolyte should represent 
the effect of the drug taken, and not the 
amount of dietary electrolyte. 

Thus, this project was designed to see 
not only whether there were changes in the 
urinary excretion of magnesium, calcium, 
and phosphate after ingestion of ammonium 
chloride or sodium bicarbonate, but 
whether there was an average or mean 
response to these drugs, despite variation 
of age, sex, weight, and intake of elec- 
trolytes. This was done purposely, since 
acidifying or alkalinizing agents are given 
to patients of different age, sex, and 
weight and on diets which differ as to the 
content of magnesium, calcium, and phos- 
phate. 

The results clearly show an increased 
urinary excretion of magnesium, calcium, 
and phosphate in all subjects after acidifica- 
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tion of the urine with ammonium chloride. 
Furtxermore, there was a mean response 
for the group, which was statistically sig- 
nific.nt, despite variations in sex, weight, 
age, and urinary output of electrolytes 
during the control period. 

Only four studies (6 control subjects) 
have previously been reported®-§ on the 
effect of ammonium chloride on the urinary 
excretion of magnesium, calcium, and 
phosphate. Table III summarizes this 
data. The material from the literature, 
where possible, has been rearranged and 
recalculated, to compare with our data, 
although amounts of ammonium chloride 
and periods of study were not always sim- 
ilar. Increases in the urinary output of 
magnesium, calcium, and phosphate dur- 
ing therapy with ammonium chloride was 
shown in all studies. The amount of these 
increases varied from our results in some 
instances. In part this may be due to 
differences in the amount of drug used and 
the period and design of the study. 

Jabir and associates’ reported acute in- 
creases in the excretion of magnesium after 
ingestion of ammonium chloride, but the 
design of his experiment does not allow 
comparison with our results. 

Although the effects of acidifying salts 
on the excretion of calcium is well known, 
little attention has been paid to their 
effect on excretion of magnesium in urine. 

Previous studies from our laboratory’? 
have shown a fall in the level of serum mag- 
nesium and marked increases in the output 
of magnesium in the urine in patients with 
congestive heart failure who were receiving 
prolonged diuretic treatment with am- 
monium chloride and Mercuhydrin. The 
present study documents increased urinary 
output of magnesium in control subjects 
after the administration of ammonium 
chloride. The possibility of depletion of 
body magnesium with repeated and _ pro- 
longed use of ammonium chloride, par- 
ticularly if the dietary intake of magnesium 
is low, is thus a possibility, particularly 
if more potent diuretics, such as_ the 
mercurials or chlorothiazide, follow the use 
of ammonium chloride. The effects of 
depletion of magnesium in the experi- 
mentai animal are well known. The studies 
of Flink" have delineated the clinical pic- 
ture of magnesium deficiency. 
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Only one other study in one subject® 
has dealt with the effect of sodium bicarbo- 
nate on the urinary excretion of magnesium, 
calcium, and phosphate. In this study, 
changes in urinary electrolytes during 6 
days of ingestion of 100 mEq. of NaHCO; 
over a 6-day control period were as fol- 
lows: decrease in calcium of 7.5 mEq.; 
increase in magnesium of 7 mEq.; increase 
in phosphate of 1 mM. Ingestion of sodium 
bicarbonate in our study caused a de- 
creased urinary excretion of magnesium 
in 4 subjects, of calcium in 6 subjects, 
and of phosphate in 5 subjects. The mean 
change was highly significant only for 
calcium (—3.81 mEq.). 


Summary 


Six normal subjects showed mean or 
average increases, which were statistically 
significant, in urinary output of mag- 
nesium (+4.99 mEq.), calcium (+22.86 
mEq.), and phosphate (+18.2 mM.) during 
5 days of ingestion of ammonium chloride, 
as compared to a 5-day control period. 
This occurred despite differences in the 
intake of electrolytes, age, sex, or weight. 
The possible significance of the loss of 
magnesium during diuretic therapy was 
discussed. 

During ingestion of sodium bicarbonate 
there was a mean decrease over the control 
period which was statistically significant 
only for urinary output of calcium (—3.81 
mEq.). 
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Experimental 


and laboratory reports 


Supernormal phase of 


atrioventricular (A-V) conduction due to potassium 


Charles Fisch, M.D. 
Edward F. Steinmetz, M.D.* 
Indianapolis, Ind. 


T’ an earlier report! dealing with the 
effect of potassium on A-V conduction 
in dogs a brief reference was made to the 
fact that a supernormal phase of A-V 
conduction was observed with remarkable 
regularity. It seems to us that this ob- 
servation in an intact mammal under 
experimental conditions bridges the gap 
between the demonstration of the super- 
normal phase in isolated myocardium, on 
one hand, and the existence of this phe- 
nomenon in the human heart, on the other 
hand. To the best of our knowledge, the 
phase of supernormal A-V conduction has 
not been demonstrated under any circum- 
stances in an intact mammal other than 
man. The failure to register this phe- 
nomenon is especially surprising in view of 
the extensive studies involving potassium 
and its relation to the heart. 

Supernormal phase, or rather relative 
supernormal phase of recovery of excita- 
bility, first discovered by Adrian and 
Lucas,? in 1912, in nerve tissue and later 
described for the cardiac muscle by Adrian,’ 
refers to a period in the recovery of excitable 
tissue during which the response to a 
stimulus is exaggerated. A supernormal 
phase of A-V conduction was described by 


A-V alternans with first-degree A-V block 


Ashman‘ in compressed turtle heart. Lewis 
and Master’ were unable to confirm the 
existence of supernormal conduction in 
cardiac tissue of the dog. Commenting on 
the failure to find the exaggerated phase of 
response in a mammalian heart other than 
the human, Ashman and Herrmann® wrote 
in 1926, ‘‘A supernormal phase in conduc- 
tion has not yet been described for the 
mammalian heart, other than that of man, 
but we are convinced that it will be demon- 
strated experimentally in the mammal when 
the right conditions are obtained, for it isa 
phenomenon manifested by the excita- 
bility, contractibility or conductivity of 
such diverse tissues as nerve fibers, skeletal 
muscle, and cardiac muscle both auricular 
and ventricular.” 

In 1947, Mack and Langendorf,’ in a 
critical review of clinical cases reported to 
that date, again noted the failure to 
reproduce the supernormal phase experi- 
mentally in the mammal. They stated, 
‘*Since partial A-V block is not uncommon, 
and yet genuine instances of supernormal 
phase of recovery are seen to be extremely 
rare, it is not surprising that the super- 
normal phase of recovery of conductivity 
could not be found in the mammalian 
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Fig. /. A continuous tracing showing gradual transition of A-V alternans to 
regular A-V conduction. Note the sudden shortening of P-R following P5 in 


strip B. For details see text. 


heart experimentally.’”’ They do not agree 
that failure to observe this phenomenon 
in the laboratory necessarily denies its 
existence in man. 

Although supernormal A-V conduction 
was observed with all degrees of A-V 
block, we will confine our presentation to 
A-V alternans as a manifestation of super- 
normality. The purpose of this presenta- 
tion is to: (1) describe the electrocardio- 
graphic findings in greater detail, (2) pre- 
sent a differential diagnosis of other con- 
ditions which could simulate supernormal 
conduction in our recordings, and (3) 
discuss the possible relationship of po- 
tassium to the phenomenon of supernormal 
conduction in depressed and fatigued hearts. 

The supernormal conduction in our ani- 
mals is shown by criteria outlined by 
Ashman and Herrmann,® which may be 
restated in electrocardiographic terminology 
as: (1) the sequence of short R-P followed 


by short P-R, and a long R-P by a longer 
P-R, and (2) the transmission of an impulse 
after an R-P, the latter if shortened or 
prolonged would result in a completely 
blocked P wave. 


Method 


Mongrel dogs which weighed 9 to 15 
kilograms were used in these experiments. 
The animals were anesthetized with 30 
mg. of sodium pentobarbital per kilogram 
of body weight and given intravenous 
potassium in the form of isotonic solution 
of buffered potassium phosphate in dis- 
tilled water at a rate of 1.0 to 1.2 mEq. 
per minute. The uniform rate of infusion 
was assured through the use of the flow- 
meter. In some the injection of potassium 
was preceded by the administration of 
acetyl strophanthidin (Lilly) or, rarely, 
digitoxin, and in some experiments, p0- 
tassium alone was given, The acetyl stro- 


- ’ 
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Number 


phanthidin was administered at a rate of .06 
mg. every 30 seconds until an arrhythmia 
appeared. Digitoxin, when used, was given 
at an average dose of 0.4 mg. per kilogram 
of body weight. Each experiment was 
monitored with an oscilloscope, and, when 
advisable, permanent recordings were made 
using standard Lead II connections. ~ 
Unless otherwise indicated, the R-P and 
P-R intervals are measured from the re- 
spective Q wave to the summit of P wave, 
and, in the case of the ventricular cycle, 
from Q to Q. On occasions, the P waves 
will be fused with the preceding T wave, 
and an unavoidable error in measurements 
is likely to occur. Because of a basically 
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regular P-P interval this error is minimal 
and in no way invalidates our interpreta- 
tion. 


Description of electrocardiograms 


Supernormal conduction in the form of 
A-V alternans when specifically searched 
for was recorded in nearly all of the 
experiments regardless of whether the po- 
tassium was preceded by infusion of cardiac 
glycosides or not. 

Fig. 1. (Dog 35, Exp. 138). This is a 
continuous tracing recorded after adminis- 
tration of 0.96 mEq. of acetyl strophan- 
thidin and 10.5 mEq. of potassium phos- 
phate. The plasma level of potassium at 


Fig. 2. A continuous tracing showing A-V alternans and delayed intraventricular con- 
duction with gradual disappearance of alternans of A-V conduction and ventricular 
aberration. Note the irregular coupling of the ventricular complexes and the gradual 
emergence of a regular ventricular rhythm with a fixed P-R. Such behavior would be most 


unusual for ectopic beats. For details see text. 
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Fig. 3. This is a composite of three separate experiments, tracings A, B, C 
in Exp. 82 being continuous, and demonstrates the relation of aberrancy of 
ventricular complex to the antecedent recovery period as well as to the 
immediately preceding cardiac cycle. As long as the R-R interval varies 
little, the QRS complexes have an almost uniform appearance. For details 
see text. 


the time this tracing was obtained was P-R interval. General inspection of the 
8.0 mEq./L. This tracing reveals a regular tracing discloses A-V alternans which be- 
sinus rhythm with a P-P of 0.48 second gins in strip A and which can still be 
(rate: 130 per minute) with a varying detected through the fifth QRS complex 
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in strip C. The unusual feature of A-V 
conduction is the paradoxical behavior of 
P-R in relation to the preceding R-P. 
Normally, the shorter R-P intervals are 
followed by longer P-R, and longer R-P by 
shorter P-R. In this instance the reverse 
is the case. The first P-R in strip A meas- 
ures 0.22 second and is preceded by a R-P 
of 0.26 second, whereas the next R-P 
in the same strip, although measuring 
only 0.20 second, is followed by a P-R 
of only 0.16 second. The respective R-R 
intervals measure 0.44 and 0.39 second. 
The paradoxical alternans of the A-V 
conduction interval continues but, as ex- 
pected, becomes less pronounced as the 
R-P becomes longer and the atrial impulse 
falls in a relatively less refractory period, 
until the difference is only 0.02 second 
(between the first and second P-R intervals 
in strip C). The alternans can no longer be 
detected with means at our disposal after 
the sixth complex of strip C. At that time 
the R-P and P-R measure 0.28 and 0.15 
second, respectively, with the P-R grad- 
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ually shortening until it measures 0.12 
second in strip D. 

In strip B a sequence of P waves was 
arbitrarily numbered from 1 to 6. The 
interesting feature in this group of com- 
plexes is a rather pronounced shortening 
of P-R following P3. With the beginning 
of strip B the alternans is quite obvious; 
the difference between the longer and 
shorter R-P is about 0.04-0.05 second. 
This variation becomes gradually less pro- 
nounced until the difference between R-P1 
(0.23 second) and R-P2 (0.24 second) is 
only 0.01-0.02 second. The P2-R (0.23 
second) is longer than one would anticipate 
from inspection of the preceding cycles. 
As a consequence of the P-P interval 
remaining regular the R-P3 is suddenly 
shortened (0.21 second), and is followed 
by a paradoxically short P3-R (0.14 sec- 
ond). The latter is shorter than any in 
strip B and almost as brief as any seen in 
this tracing. The sudden change of P3-R 
can be explained only by supernormal 
conduction. 
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Fig. 4. This tracing demonstrates the paradoxical behavior of A-V conduction and the dependency of ven- 
tricular aberrancy on the duration of the immediately preceding recovery period as well as antecedent ven- 
tricular cycle. The aberrant conduction ceases as the R-R cycle becomes more regular. 
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Fig. 5. A continuous tracing showing onset of supernormal conduction manifest by A-V alternans, appearance 
of second-degree A-V block, and resumption of 1:1 conduction after infusion of potassium was stopped. Portions 


of this tracing are reproduced in Fig. 6. 


Fig. 2 (Dog 34, Exp. 162). This is a 
continuous tracing recorded after adminis- 
tration of 0.96 mg. of acetyl strophanthidin 
and 11.6 mEq. of potassium phosphate. 
The plasma level of potassium at the time 
of recording was 6.5 mEq./L. This cardio- 
gram shows a sinus rhythm with a regular 
P-P interval of 0.44 second and varying 
P-R interval. A-V alternans is obvious, 
with shorter R-P followed by shorter P-R, 
and longer R-P by longer P-R. The al- 
ternans becomes less pronounced as the 
R-P lengthens and can no longer be de- 


tected in strip E. The shorter of the two 
ventricular cycles (R-R) varies from 0.40 
second between the first and second QRS 
complexes in strip A to 0.34 second be- 
tween the seventh and eighth QRS com- 
plexes in strip B. There is little if any 
difference in the appearance of QRS com- 
plexes after either the ‘longer or shorter 
R-R intervals, but there is a gradual 
narrowing of all the ventricular complexes 
as well as shortening of P-R from the 
beginning of the tracing (strip A) to 
the end of strip E. Such rapid changes of 


Volume 
Number 2 


intraventricular and atrioventricular con- 
duction were frequently seen when infusion 
of potussium was stopped.® 

Fig. 3. The sections of cardiograms, all 
of which show regular sinoatrial rhythm 
and 1:1 with delayed A-V conduction, are 
showi: to emphasize the point that the 
aberrant QRS complexes, giving rise to 
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QRS alternans, appear not only as the dis- 
tance from the aberrant QRS to preceding 
QRS shortens but also follow a longer, 
immediately preceding cycle.? The im- 
portance of this relation to the preceding 
R-R in the differential diagnosis of super- 
normal conduction from ectopic beats will 
be pointed out below. 


Fig. 6. This figure represents portions of the tracing of Fig. 5 and allows for a 
more detailed study of the A-V alternans and the onset and termination of 
second-degree A-V block. Note the marked variation in coupling from strip A 
to strip D, as well as disappearance of the aberration of QRS toward the end 
of strip C when the R-R distance becomes regular. 
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poG 33 (Exp. 81). This tracing was re- 
corded after administration of acetyl stro- 
phanthidin and while potassium was being 
infused. At the time this cardiogram was 
obtained a total of 16.5 mEq. of potassium 
was administered and the plasma level 
of the cation was 9.4 mEq./L. A-V al- 
ternans is present in the entire strip 
but becomes clearer after the seventh QRS 
complex. There is some slight variation 
in the QRS beginning with the third 
ventricular complex, but the aberrancy is 
manifested largely by alternation in the 
height of the QRS complex and deepening 
of the S wave after a sudden prolongation 
of the cycle immediately preceding the 
ninth ventricular complex (x). An identical 
situation is shown in the tracing obtained 
on Dog 29 (Exp. 66-A), given 15 mEq. of 
potassium 24 hours after administration 
of 5.0 mg. of digitoxin. The case of Dog 
29 (Exp. 75) differs from the foregoing 
experiment in that this animal was given 
potassium only. A-V alternans becomes 
obvious after the third ventricular complex. 
Comments regarding QRS alternans and 
aberrancy and their relation to the dura- 
tion of the preceding cycle made above 
apply equally well in this instance. 

Strips A, B, and C recorded in Dog 29 
(Exp. 82) represent a continuous tracing. 
In this experiment, only potassium, in the 
amount of 10 mEq., was given, and at the 
time this tracing was recorded the plasma 
level was 7.4 mEq./L. QRS aberration and 
ventricular alternans follow a sudden pro- 
longation of the R-R interval between the 
fifth and sixth ventricular complexes in 
strip A. This prolongation of R-R was 
due to a longer P-R which paradoxically 
followed a longer R-P. This now longer 


R-R cycle is followed by short R-P, short — 


P-R terminating with an aberrant QRS 
(x). The paradoxical A-V alternans persists 
in strip B. As the alternans of A-V con- 
duction gradually ceases, the R-R intervals 
become regular and the aberrancy of QRS 
disappears (strip C). 

Fig. 4 (Dog 43, Exp. 169). This animal 
was given potassium only. Strip A was 
recorded toward the end of the infusion, 
and strips B and C were recorded 1 and 2 
minutes after the end of the infusion, 
respectively. 

In strips A and C, aberrant ventricular 
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complexes (x) become obvious when the 
aberrant QRS is closer to the last ven. 
tricular complex, and when it follows ap 
immediately preceding longer R-R cycle, 
The absence of QRS aberration is noted 
at the beginning of strips A and C and at 
the end of strips B and C when the R-R 
intervals show little or no variation. This 
cardiogram again serves to point out that 
the aberrancy is dependent on the distance 
from the last ventricular complex as well 
as the duration of the immediately preced- 
ing cardiac cycle. It is important to note 
that the aberrant complexes have no fixed 
relation to preceding QRS, and that the 
degree of aberration varies with the al- 
ternans of R-R interval, disappearing grad- 
ually as the R-R periods become more or 
less equal. These observations rule out 
ectopic bigeminy, with the possible excep- 
tion of a very unlikely situation of ir- 
regularly coupled nodal or septal ventricu- 
lar premature systoles with varying degree 
of aberration and appearing only after 
shorter R-P. 

Fig. 5. (Dog 35, Exp. 96). This dog 
received 5.0 mg. of digitoxin 48 hours 
before the infusion of potassium. The trac- 
ing shown in this figure was recorded after 
injection of 4.8 mEq. of potassium pre- 
ceded by administration of 0.72 mg. of 
acetyl strophanthidin. At the time the 
tracing, which is a continuous recording, 
was registered the plasma level of po- 
tassium was 6.5 mEq./L. The figures in 
the left upper corner indicate the time in 
seconds from the beginning of the recording. 
Portions of this tracing marked A, B, B’, 
C, and D are reproduced and _ analyzed 
in greater detail in Fig. 6. The part marked 
B’ includes the first four ventricular com- 
plexes from 36-second strips. The distance 
between the P waves is regular, measuring 
0.36 second. This tracing represents a com- 
plete sequence, beginning with appearance 
of alternans of A-V conduction (top and 
9-second strips) as the plasma potassium 
was rising, and development of second- 
degree heart block, at which point infusion 
of potassium was stopped and 1:1 AV 
response with paradoxical alternans of A-V 
conduction reappeared. The latter becomes 
progressively less pronounced until it 8 
hardly discernible in the 72-second strip. 
Fig. 6 (Dog 35, Exp. 96). This figure 
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represents sections of the continuous tracing 
reproduced in Fig. 5 and allows for better 
presentation of details. Strips A and C 
merely show the paradoxical behavior of 
P-R in relation not only to its respective 
R-P, but also to the preceding R-R 
cycle. Strip A was obtained as the plasma 
potassium was rising, and strips C and D, 
as the level was falling. Strips B and B’, 
which are continuous, show the beginning 
of second-degree heart block with failure 
of P5 in strip B to conduct. It is possible 
but not very likely that P5 is responsible 
for the sixth QRS. The block is 2:1 except 
in strip B, in which P7, 8, 9 are paired 
with only one QRS, giving rise to a 3:1 
block. There is little doubt that P2, 4, 
and 6 in strip B’ initiate the second, 
third, and fourth ventricular complexes, 
respectively. 


Comment 

The paradoxical behavior of P-R in 
relation to preceding R-P, for reasons 
already mentioned, can be explained best 


- by a supernormal phase of conduction. 


This interpretation is strengthened by the 
fact that the shorter P-R follow not only 
shorter R-P but also an immediately pre- 
ceding longer R-R cycle. Ordinarily, the 
refractory period varied directly with the 
preceding R-R cycle, and the finding that a 
shorter R-P following a longer R-R is 
accompanied by a shortened P-R is most 
unexpected and further supports the exis- 
tence of supernormal conduction. Although 
A-V conduction during the supernormal 
phase was shorter than either in the preced- 
ing or succeeding cycle, in no instance was 
the P-R shorter than the control P-R; 
thus, the term ‘‘relative supernormal pe- 
riod” reflects better the actual nature of ac- 
celerated conduction under discussion. This 
is in keeping with findings in human sub- 
jects in whom the supernormal phase was 
always accompanied by pronounced de- 
pression of A-V conduction. 

For reasons already outlined it is un- 
likely that the R-R alternans is due to 
ectopic beats. Other mechanisms, such as 
the heart rate, fatigue phenomenon, pos- 
sible change in intensity of atrial impulse, 
concealed conduction, and, finally, A-V 
dissociation with interference, could not 
explain the paradoxical behavior or A-V 
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conduction observed in these experiments. 
The existence of a dual A-V transmission 
pathway has been offered as an explanation 
for A-V alternans.!° The various mechanisms 
which may result in A-V alternans are 
summarized by Langendorf."! The varia- 
tion in position of the supernormal phase 
was observed earlier?” and was explained 
variously by change in tone of extra- 
cardiac nerves and fluctuation in A-V 
conductivity. 

Adrian and Lucas? observed that the 
main functions of living tissue, namely, 
excitability, conductivity,and contractility, 
all increased above their normal value when 
the tissue was perfused with acid medium. 
Subsequently, Adrian* pointed out that 
at a pH of 3.0 the conduction became 
suspended completely, but that up to that 
point the supernormal conduction became 
progressively more marked. Since acidosis 
results in loss of the cellular potassium and 
causes a concomitant increase of extracel- 
lular potassium, it is attractive, in light 
of our findings, to speculate that the rising 
level of potassium is at least partially re- 
sponsible for the appearance of super- 
normality. Our animals behaved in a fashion 
somewhat similar to Adrian’s preparations. 
As Adrian lowered the pH, the supernormal 
conduction became more marked, until 
at a pH of 3 the conduction became sus- 
pended. Similarly, as we increased the 
plasma levels of potassium, the super- 
normal phase was observed after a pro- 
gressively shorter recovery period (R-P). 
Indirect support for the concept that po- 
tassium may be the common denominator 
responsible for the appearance of super- 
normal phase comes from the observations 
that depression of A-V conduction, a pre- 
requisite for appearance of supernormality, 
due to anoxia, fatigue, injury, and perhaps 
vagal effect, is associated with a rise in 
extracellular potassium.!*- The exact man- 
ner in which the cation results in recordable 
supernormal conduction is obscure. It is 
unlikely, however, that this phenomenon 
can be accounted for either by a shortening 
of the action potential or by a lowering 
of the resting membrane potential which 
accompanies the rise of plasma potassium, 
because such changes would not explain 
the rapid variation of conduction from 
cycle to cycle. 
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Summary 


1. Supernormal phase of A-V conduction 
was recorded for the first time under 
experimental conditions in an intact mam- 


mal (dog). Potassium was the agent re- - 


sponsible for depression of A-V conduction 
and appearance of supernormal conduction. 

2. This observation bridges the gap 
between the previously described super- 
normal phase in compressed and fatigued 
heart muscle preparation, on one hand, 
and in the human heart, on the other hand, 
and supports strongly the existence of 
supernormal phase of A-V conduction in 
the clinically reported cases. 


We wish to thank Dr. Richard Langendorf and 
Dr. Alfred Pick for reviewing much of the material 
dealing with A-V alternans. 
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he reactivity of digital blood vessels to 

l-norepinephrine has been found to 
be increased in essential hypertension! and 
in Cushing’s syndrome? whether spontan- 
eous or produced artificially by the ad- 
ministration of glucocorticosteroids. Ad- 
ministration of glucocorticosteroids, 
however, increases this reactivity in 
normotensive but not in hypertensive 
subjects,’ and sodium depletion decreases 
reactivity in hypertensive subjects but 
increases it in normotensive subjects.’ These 
facts suggest that the increased reactivity 
of vascular smooth muscle in essential 
hypertension, which may be a cause of the 
disease, is on a chemical basis, involving 
either the chemical substances responsible 
for binding or degradation of the cate- 
cholamines or those responsible for con- 
traction of smooth muscle itself. It was 
of interest, therefore, to study the re- 
activity of digital blood vessels to angio- 
tensin II. This substance is a polypeptide® 
and quite different in structure from the 
catecholamines. 


Methods 


Fifteen normotensive subjects and 15 
patients with essential or primary hyper- 
tension were tested. Each subject was 
studied under three sets of conditions: (1) 


supine, at rest under standardized condi- 
tions (room temperature 26-29°C.) (Phase 
B); (2) after indirect heating for at least 
half an hour with a cradle baker over the 
trunk until positive heat balance, as mani- 
fested by profuse diaphoresis, was achieved, 
followed by the intravenous injection of 
0.8 mg./Kg. of 2.6 dimethyl-1, 1-diethyl 
piperidinium bromide (SC 1950) (Phase 
A); (3) after, in addition to the procedures 
in Phase A, infusing sufficient angiotensin 
II and additional SC 1950 to bring the 
level of blood pressure to its prior value 
or somewhat above it (Phase C). The con- 
centrations in the infused fluid were: glucose, 
50 mg./c.c.; angiotensin II, 12  yg/c.c.; 
and SC 1950, 0.09 mg./c.c. The rate of 
infusion was regulated with an infusion 
pump. Studies were not performed until 
the level of blood pressure was stable. 

Although the techniques have been pre- 
sented in detail in previous communica- 
tions,®*7 some aspects of the method will 
be briefly reviewed. Flow in the digit 
is measured calorimetrically, and both sys- 
tolic and diastolic arterial pressures are 
measured with a Gaertner capsule. These 
pressures are converted to mean pressure 
by adding one third of the pulse pressure 
to the diastolic pressure. A calculated 
venous pressure correction factor is sub- 
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Table 1. Statistical analysis of digital circulatory studies; reactivity to infused angiotensin 
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15 Normotensive 


subjects 
Phase 


15 Hypertensive 
subjects 


Mean+ SD 


ee 


Mean+ SD 


Brachial blood pressure, systolic (mm. Hg) 


Brachial blood pressure, diastolic (mm. Hg) 


Digital blood pressure, systolic (mm. Hg) 


Digital blood pressure, diastolic (mm. Hg) 


Effective mean digital blood pressure (mm. Hg) 


Radius equivalent (10-? cm.) 


Digital blood flow (cm.?/cm.? skin/min.) 


Work of vasoconstriction 
(10 ergs) 


Rate of AT infusion (ug/min.) 


Work of vasoconstriction per wg AT per minute 
(10° ergs) 


A 111+ 11 135+ 26 

B 115+ 11 188+ 32 

C 141+ 15 209 32 

A 64+ 8 87+ 13 

B 70+ 6 108= 12 
92 10 126= 13 

A 92+ 10 121+ 26 

B 101+ 4 172+ 29 

C 124+ 13 183 33 

A 54 6 76+ 12 

B 59+ 8 14 

73+ 10 113 14 

A 56 6 81+ 16 

B 68+ 9 120+ 17 

C 83 6 126+ 17 

A 3.0 0.24 2.8= 0.19 
B 2.5 0.39 0.63 
2.9 0.26 2.5 0.22 
A 0.023 0.26 0.063 
B 0.12 0.023 0.13 0.058 
0.27 0.024 0.26 0.085. 
B 2.4 2.8 3.4 3.1 
C 0.62 0.29 1.5 0.93 
0.74 1.1+ 0.37 
C 0.35*= 0.13 1.4*+ 0.68 


*Standard error of difference = 0.18; p < 10-¢. 


tracted from the mean pressure. The radius 
equivalent of the circulation in the dilated 
state (Phase A) is calculated from the flow 
and effective mean pressure by using Poi- 
seuille’s law. A calculated length factor is 
considered to be constant for the digital 
circulation, correction being made for varia- 
tion in the size of the finger tip. In both 
the resting-constricted and in the angio- 
tensin-II-constricted phases of the procedure 
(Phases B and C) the mean digital arterial 
pressure is determined as indicated for 


A: After vasodilatation. B: Before vasodilatation. C: After vasodilatation and infusion of AT. 


Phase A. The venous pressure correction 
factor and the pressure axis intercept for 
that grade of vasoconstriction as calculated 
are subtracted from the mean pressure. 
The latter correction incorporates the factors 
of critical closing pressure and/or apparent 
viscosity, as influenced by the degree of 
vasoconstriction. The radius equivalent of 
the digital vessels in the constricted state 
is calculated from the corrected effective 
mean pressure and flow during vasocon- 
striction, by using Poiseuille’s law. The 
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length factor is again assumed to be un- Discussion 

changed. From the pressures and the change That increased reactivity is a generalized 
in radius equivalent the force and work phenomenon in essential hypertension rather 
of vasoconstriction can be estimated, and that one localized to the digit is evident from 
from the work and infusion rate the work the results of the cold pressor test® and from 
per microgram of angiotensin II infused the fact that reactivity of systemic? and 
per minute is calculated. The formula used forearm blood vessels!?:' to l-norepineph- 
for calculating work of vasoconstriction® is: rine and to angiotensin II has been found 


to be increased in essential hypertension. 


16.1P It is also apparent that this represents 
— (r1° — re‘) vascular smooth muscle rather than nervous 
1 
reactivity since the effect is brought out 
in which w is work in ergs, P, is effective after sympathetic neural blockade. It is 
mean pressure, Q; is blood flow, and r; is probably not a manifestation of structural 
radius equivalent during vasodilatation, changes in the blood vessel wall, such as 
whereas re is radius equivalent during hypertrophy of smooth muscle or intimal 
vasconstriction. proliferation,!’- since reactivity to 
epinephrine is increased early in the course 
Results of essential hypertension™ and is normal 
The results are presented in Table I in Raynaud’s disease!® and in renal hyper- 
and Fig. 1. It is clear that the patient with tension.!” If a deficit in catechol O-methyl 
essential hypertension is more reactive to transferase!® is involved in this phenomenon, 
angiotensin II than is the normotensive this euzyme would have to be considerably 
subject. The magnitude of the difference less specific than hitherto postulated. On 
is about the same as for reactivity to the other hand, it is equally possible that 
l-norepinephrine.! The difference can be the defect in hypertension lies primarily 
demonstrated to be significant in terms of in the binding of vasoactive substances or 
“resistance’’ as well as ‘‘work of vaso- in the metabolism of smooth muscle con- 
constriction.”” It is also apparent that traction. This defect would appear no 
angiotensin II is about 10 times as vaso- matter what vasoactive substance was used 
constrictive, milligram for milligram, as is to stimulate the muscle. 
l-norepinephrine in both the normotensive It has recently been observed that re- 
and hypertensive subject. activity to infused I-norepinephrine is not 
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[] Normotensive 


HYPERTENSIVE 
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@ 
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Fig. 1. Work of vasoconstriction per microgram of angiotensin (AT) infused per minute 
in 30 subjects. 
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only affected by the amount of l-norepineph- 
rine stored in the tissues!® but also by 
glucocorticosteroids* and by sodium deple- 
tion.‘ It is likely, therefore, that the activity 


of the chemical system involved is not only . 


determined by hereditary transmission it- 
self but also by activators, co-factors, and 
inhibitors, some of which could be in- 
fluenced by acquired disease. 


Summary 


1. Digital vascular reactivity to infused 
angiotensin II was measured in 15 normo- 
tensive subjects and 15 patients with es- 
sential hypertension. 

2. This reactivity was found to be in- 
creased in the hypertensive group. 

3. The mechanisms involved are dis- 
cussed. 


We are grateful to Dr. W. E. Wagner, of Ciba 
Company, for supplies of angiotensin II, and to Dr. 
I. C. Winter, of G. D. Searle and Company, for 
supplies of SC 1950. 
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he effect of amyl nitrite and phenyl- 

ephrine on the externally recorded 
murmurs of ventricular septal defects has 
been reported elsewhere from this clinic.!? 
By decreasing the systemic blood pres- 
sure, amyl nitrite produces a brisk drop 
in left-to-right ventricular gradient, 
with resultant reduction in left-to- 
right shunt across the defect and an 
easily appreciated softening and shorten- 
ing of the regurgitant systolic murmur. 
Phenylephrine, on the other hand, elevates 
the systemic blood pressure, causing a sharp 
rise in left-to-right ventricular gradient, 
with resultant increase in left-to-right shunt 
across the defect, and an easily detected 
intensification and prolongation of 
the murmur. 

Ejection murmurs, aortic and pulmo- 
nary, on the other hand, are strikingly 
intensified after amyl nitrite,! as a result 
of the increased cardiac output and velocity 
of ejection. Phenylephrine, however, has a 
variable effect, or no effect, on these 
murmurs.” 


In the case of small ventricular septal 
defects (less than 45 per cent left-to-right 
shunt and normal hemodynamics) it is 
generally accepted that the pansystolic 
murmur is produced at the site of the defect 
in the ventricular septum. Though the 
loudness of the murmur bears little relation 
to the size of the defect, small defects 
are usually associated with particularly 
loud murmurs which radiate fairly widely. 
Consequently, associated pulmonary ejec- 
tion murmurs may often be incorporated in 
the externally recorded murmur of ventric- 
ular septal defect. Since ejection and regur- 
gitant murmurs behave differently after 
amyl nitrite and phenylephrine, the 
behavior of the external murmur may 
not truly represent the behavior of the 
individual murmurs within the heart. 
It was thought desirable, therefore, 
to investigate the effects of these vaso- 
active drugs on intracardiac murmurs, 
since it has been shown that the phono- 
catheter can selectively record murmurs 
at their site of production.** By using 
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simultaneously recorded internal and ex- 
ternal sound tracings, we could determine 
how closely the murmur at the chest wall 
represented the murmurs within the heart. 
The uncomplicated situation of small ven- 
tricular septal defect without pulmonary 
stenosis was chosen for this study. 

It has only recently been appreciated 
that the murmur of small ventricular sep- 
tal defects need not be pansystolic.® Else- 
where,® we have shown that a short early 
systolic murmur is characteristic of minute 
ventricular septal defects. The clinical and 
phonocardiographic features of this defect 
were defined and the methods whereby 
the diagnosis could be established described. 
In this paper further observations on the 
intracardiac murmurs of minute ventricular 
septal defects will be reported. 


Material and methods 


Two groups of patients were investigated. 
(A) Eight patients with small ventricular 
septal defects comprised one group (Table 
I). The right ventricular and pulmonary 
arterial pressures were normal, and there 


was no gradient between the main pulmo- 
nary artery and the high right ventricle. 
In 7 the shunt was localized to the ven- 
tricle by saturation data (range, 14 to 44 
per cent). (B) Four patients with minute 
ventricular septal defects were similarly 
studied (Table 1). The shunts were so 
small that they could not be detected by 
routine cardiac catheterization methods 
and systemic arterial dye-dilution 
techniques. However, the technique of em- 
ploying two venous catheters for obtaining 
dye-dilution curves from the right heart 
successfully established the diagnosis.*? 

Sound tracings were obtained with the 
phonocatheter in the right atrium, right 
ventricle, and pulmonary arteries, and re- 
corded synchronously with a sound tracing 
from the chest wall at the site of maximal 
intensity of the murmur, usually the fourth 
left intercostal space. High-frequency re- 
cordings were made at fast paper speed 
(75 to 80 mm./sec.) by means of the N.E.P. 
multichannel recorder for both intracardiac 
and extracardiac sound tracings. 

The barium titanate piezoelectric crystal 
phonocatheter* and preamplifier was used 


*Supplied by the American Electronic Laboratory. 
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for intracardiac sound recordings. The am- 
plification used on both was purely qualita- 
tive, but once selected remained unchanged 
throughout the administration of amyl 
nitrite and phenylephrine. No attempt was 
or could be made to measure or compare the 
frequency and intensity of murmur gen- 
erated within the heart and that on the 
chest wall. Positioning of the phonocatheter 
in the right ventricle was sometimes ex- 
tremely critical, and it was not always 
easy to keep the tip of the catheter in the 
same position from cycle to cycle. Small 
shifts in the position of the tip could 
result in changes in duration, shape, and 
amplitude of the murmur. This was particu- 
larly important in the case of minute 
ventricular septal detects, wherein the “‘jet 
murmur’ may be very much localized 
and in an unusual position. 

When the phonocatheter was positioned 
at the optimal site (by means of oscil- 
loscopic control) within the right ventricle, 
the effect of amyl nitrite and phenylephrine 
on synchronously recorded external and 
internal murmurs was studied by means of 
methods previously described.!? After phen- 
ylephrine the patient was usually unaware 
of side effects, remaining relaxed and quiet 
throughout. With amyl nitrite, however, 
the procedure involved several rapid deep 
respirations and produced uncomfortable 
subjective sensations and tachycardia. This 
gave rise to difficulty in keeping the tip 
of the phonocatheter in the same position 
in the inflow tract of the right ventricle, 
so that, whenever possible, the tip was kept 
in the outflow tract, where its position 
was less apt to shift. If at the end of the 
test the murmur had not returned to the 
control intensity and configuration, it was 
assumed that the tip had moved and the 
test was repeated. 


Results 


A. Small ventricular septal defects. The 
results are shown in Table I. In some 
patients, intrapulmonary arterial phono- 
cardiograms showed an ejection murmur 
which differed completely from the murmur 
recorded in the right ventricle and from 
that of the phonocardiogram from the 
chest wall. In 3 subjects the pansystolic 
murmur in the right ventricle radiated 
widely through the whole pulmonary arte- 
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Fig. 7. Synchronous external phonocardiogram at the fourth left intercostal space (4L.S) and 
internal phonocardiogram in the pulmonary arteries and right ventricle in a patient with small 
ventricular septal defect (Case 3, A.P.). All phonocatheter tracings were taken at the same at- 
tenuation, 300. The plateau type of pansystolic murmur with slight mid-systolic crescendo is 
well shown. The murmur is far louder in the pulmonary arteries than in the right ventricle. In 
the high right ventricle the murmur is longer, going beyond the aortic second sound, which is 
obscured, although the murmur is not so intense as in the pulmonary arteries. In the low right 
ventricle the murmur is softer but remains pansystolic. The jet from the ventricular septal defect 
is presumably transmitted directly into the pulmonary arteries and not into the rest of the right 
ventricular cavity. 
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Table I 
Case % L-R shunt PAP Infundibular gradient External PCG 
(mm. Hg) (mm. Hg) 
Small Ventricular Septal Defect 

1. L.v.O. 44 23/10 6 Pansystolic, late systolic 
crescendo at PA and 4LS. 
Splitting 0.04 sec. 

2. J.B. 14 25/13 0 Pansystolic, plateau with 

: slight mid-systolic cres- 
cendo at PA and 4LS. 
Splitting 0.02 sec. 

a AP. 24 22/ 9 0 Pansystolic, plateau shaped 
at PA and 4LS. Splitting 
0.04 sec. 

4: EK. 43 24/10 0 Pansystolic, late crescendo 
at PA and 4LS. Splitting 
0.04 sec. 

& Pz. 30 20/ 8 12 Pansystolic late crescendo 
at PA and 4LS. Splitting 
0.04 sec. 

6. H.V. 24 i aan 0 Pansystolic plateau shaped 
at PA and 4LS. Splitting 
0.04 sec. 

7. 1.M. 25 35/10 0 Pansystolic, late systolic 
crescendo at PA and 
4LS. Splitting 0.06 sec. 
(RBBB) 

8. G.C. 25 24/12 0 Pansystolic plateau at PA 
and 4LS. Splitting <0.02 
sec. 

Minute Ventricular Septal Defect 
me  m 7 20/10 0 Short early crescendo at PA 
and 4LS. Ejection SM at 
: PA. Splitting 0.02 sec. 
Pe 2. E.K. 3 25/13 0 Short early crescendo at PA 
and 4LS. Splitting 0.02 
sec. 

a TA. 7 14/ 5 0 Short early crescendo 

4. M.V. Minute 21/11 0 Short early crescendo at 
PA and 4LS 


— 


PAP: Pulmonary arterial pressure. PCG: Phonocardiogram. PA: Pulmonary artery. 4LS: Fourth left intercostal space. 
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Pulmonary artery PCG Right ventricular PCG Amyl nitrite Phenylephrine 


Small Ventricular Septal Defect 


Short ejection midsystolic 
crescendo 


Pansystolic all sites, mid- Softens — 
systolic crescendo 


Pansystolic all sites, 
plateau-shaped 


Pansystolic Softens, Intensifies, 


shortens prolonged 


Pansystolic plateau very 
loud 


Pansystolic all sites, Softens Intensifies, 
plateau high, mid-sys- prolonged 
tolic crescendo low 


Short ejection mid-systolic 
crescendo 


Pansystolic all sites, mid- Softens Intensifies 
systolic crescendo 


Short ejection mid-systolic 
crescendo 


Pansystolic all sites, but in Softens Intensifies 
intensity varies, early 
crescendo 


Nil Pansystolic all sites, mid- Softens Intensifies 
systolic crescendo 


Pansystolic all sites, late Softens Intensifies 
systolic crescendo 


Pansystolic plateau Pansystolic all sites, Intensifies, 
plateau-shaped, maximal prolonged 


at apex 


Minute Ventricular Septal Defect 


Short mid-systolic ejection Short early crescendo local- — — 
murmur ized at apex 


Ejection, SM, and pan- Early crescendo but pan- Softens, Intensifies 
systolic louder than in systolic shortens 


RV 


Ejection, SM, and mid- Short early crescendo Softens, Intensifies, 
systolic crescendo localized low right ven- shortens prolonged 
tricle 


Mid-systolic ejection, SM, 
mid-systolic crescendo 


SM: Systolic murmur. 
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Fig. 4A. Effect of phenylephrine on the simultaneously recorded external and intra-right ventricular sound 


tracings in Case 3 (T.A.) with minute ventricular septal defect. Before phenylephrine, short, early, high- 
frequency, crescendo-decrescendo murmurs of identical pattern are recorded from both sites. After phenyl- 
ephrine, both murmurs intensify and lengthen considerably; the murmur now becomes pansystolic, although 
preserving a diamond-shaped configuration. Note the bradycardia (55/min.) and closing of the split second 
sound after phenylephrine. The multiple noise artifacts in the phonocatheter channel are probably due to 


rial system (Fig. 1), so that if a murmur 
due to pulmonary flow was present, it was 
engulfed by the murmur due to ventricular 
septal defect. In every case, phonocardio- 
grams from the right ventricle showed high- 
frequency pansystolic murmurs, but the 
site of maximal intensity varied. 

The effect of amyl nitrite on the syn- 
chronously recorded intraventricular and ex- 
ternal murmurs was studied in 8 patients. 
In each patient, both murmurs softened and 
recovered in parallel fashion (Figs. 2 and 3). 
Administration of amyl nitrite was repeated 
in one patient with the phonocatheter in 
the pulmonary artery. The intrapulmonary 
murmur was purely an ejection systolic 
murmur, totally dissimilar to the loud 
pansystolic intraventricular murmur. The 
intrapulmonary ejection murmur became 
louder, but the murmur recorded on the 
chest wall at the pulmonary area softened. 


friction against the second catheter in the pulmonary artery. 


Phenylephrine was administered in 7 
patients with the phonocatheter in the 
right ventricle. Marked intensification and 
prolongation of the murmur was recorded 
externally and internally; the changes in 
both murmurs again followed each other 
in closely parallel fashion, although the 
intensification of the intracardiac murmur 
was often more explosive (Fig. 3). In 3 
patients, amyl nitrite was administered 
during the peak action of phenylephrine. 
Both mu-murs promptly softened during 
the fall in blood pressure, but with the 
return of phenylephrine action the murmurs 
quickly intensified (Fig. 3). In one patient, 
phenylephrine was administered when the 
phonocatheter was in the pulmonary artery. 
The ejection systolic murmur intensified 
but did not become pansystolic. 

B. Minute ventricular septal defects. The 
results are shown in Table I. An ejection 


‘ 
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Number 


systolic murmur which was recorded within 
the main pulmonary artery in 3 patients 
differe | from both the intraventricular and 
the chest-wall murmur. In one patient, 
however, the intrapulmonary murmur was 
pansystolic and resembled both the mur- 
mur on the external phonocardiogram from 
the pulmonary area and the murmur re- 
corded in the right ventricle. The murmur 
was louder in the pulmonary arteries than 
in the right ventricle (Table I). 
Phonocardiograms from the right ven- 
tricle were obtained in 3 patients. In one a 
soft, short high-frequency murmur with 
early crescendo and decrescendo could only 
be recorded at the apex of the right ven- 
trie. In the other 2 patients, high-fre- 
quency murmurs were recorded in the 
outflow tract of the right ventricle. In 
one the murmur had an early crescendo 
but was pansystolic, and in the other the 
murmur was short, witha striking crescendo- 
decrescendo in early systole (Fig. 4). 


' 


H 
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defect. 


Sed Intracardiac murmurs of small ventricular septal defects 233 


Amyl nitrite was administered to 2 
patients with the phonocatheter in the 
right ventricle, and the external phono- 
cardiogram was recorded in the fourth 
left intercostal space. At both sites there 
was prompt softening of the murmur 
(Fig. 44). In one subject the intrapulmo- 
nary ejection systolic murmur intensified 
but the chest-wall murmur softened. Pre- 
sumably, the intrapulmonary murmur failed 
to reach the chest wall even when inten- 
sified, and the chest-wall murmur repre- 
sented the atypical regurgitant murmur of 
minute septal defect. In another subject 
the murmur recorded at the fourth in- 
tercostal space had the characteristic fea- 
tures described for the murmur of a minute 
ventricular septal defect, being of high 
frequency and short, starting with the 
first sound, with an early crescendo. How- 
ever, at the pulmonary area the murmur 
was ejection in type, associated with pulmo- 
nary flow. After the patient had inhaled 


Fig. 4B. Five minutes after phenylephrine the external and internal murmurs are still intensified, but the effect 
of the drug is wearing off, as shown by the faster pulse rate (85/min.) and widening of the split second sound. 
Fifteen seconds after amyl nitrite, both murmurs become strikingly softened and shortened. The response to 
phenylephrine and amyl nitrite proves that the intraventricular murmur is produced by the ventricular septal 
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amyl nitrite, the murmur at the fourth 
left intercostal space softened, whereas 
the murmur in the pulmonary area 
intensified. 

Phenylephrine produced marked inten- 
sification of both the intra-right ventricular 
and the chest-wall murmurs in 2 patients 
studied (Fig. 44). The murmur lengthened 
and became clearly pansystolic, thus being 
identified as a murmur due to ventricular 
septal defect. In another patient the zn- 
trapulmonary systolic murmur softened 
while the chest-wall murmur intensified. 


Small ventricular septai defects, in the 
absence of pulmonary stenosis or pulmo- 
nary hypertension, are characterized by 
the presence of a loud pansystolic murmur 
maximal at the fourth left intercostal 
space, often associated with a thrill. The 
murmur is usually plateau shaped or has a 
late crescendo. Splitting of the second 
sound may be normal but often is found 
to be surprisingly wide on phonocardiog- 
raphy. The width of splitting, however, is 
not appreciated clinically because of the 
length and loudness of the systolic murmur. 
When the crescendo is late in systole, 
the murmur drowns the aortic sound and 
frequently spills over beyond it. The mur- 
mur of a ventricular septal defect, in fact, 
is so loud that it dominates the auscultatory 
findings and obscures any other systolic 
murmur that may also be associated. 

This study shows that the murmur re- 
corded from the chest wall by the crystal 
microphone strikingly resembles the mur- 
mur recorded in the right ventricle by the 
barium titanate phonocatheter. This mur- 
‘mur is presumably produced at the site 
of the defect and may radiate down the 
pulmonary arteries or stop at the pulmo- 
nary valve. When the murmur due to the 
septal defect is not transmitted into the 
pulmonary arteries, a separate intrapulmo- 
nary ejection systolic murmur is recorded. 
At the chest wall, however, two separate 
murmurs are not detectable because of 
wide radiation of the loud septal-defect 
murmur. 

Amyl nitrite produces a drop in periph- 
eral resistance, a reduction in left ven- 
tricular pressure, a fall in gradient between 
the left and right ventricles, and a reduc- 
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tion in left-to-right shunt. This softens 
the murmur produced at the site of the 
defect in the ventricular septum, as con- 
firmed by the phonocatheter. With the 
increase in cardiac output, however, there 
is increased velocity of flow across the pul- 
monary valve, causing slight intensification 
of the pulmonary ejection murmur shown 
by the phonocatheter. Since the noise 
produced at the ventricular septal defect 
dominates the auscultatory findings, the 
over-all effect is softening of the murmur. 

Phenylephrine has an effect opposite to 
that of amyl nitrite by increasing systemic 
resistance, increasing interventricular gra- 
dient, and increasing the left-to-right shunt, 
and thus intensifies the murmur produced 
at the site of the defect in the ventricular 
septum, as has been shown with the phono- 
catheter. However, because the cardiac 
output is reduced, with little alteration 
in stroke volume, the effect on the pulmo- 
nary ejection murmur is negligible. 

It may thus be concluded that in the 
case of uncomplicated small ventricular 
septal defect the chest-wall murmur ac- 
curately represents the intraventricular 
murmur and, therefore, should provide a 
rough quantitative index of the volume 
rate of shunt flow. Thus, intensification of 
murmur indicates increased volume rate of 
shunt flow, and vice versa. 

In the case of larger defects and in the 
presence of pulmonary stenosis the inter- 
play of murmurs must be borne in mind 
when interpretation of the effects of amyl 
nitrite is made. Chest-wall murmurs repre- 
sent a fusion of loud ejection and regurgitant 
murmurs, and amyl nitrite intensifies the 
former and diminishes the latter. Although 
regurgitant flow may be considerably dimin- 
ished after amyl nitrite, the softened 
regurgitant murmur is counterbalanced by 
intensification of the ejection murmur, 
resulting in atypical behavior of the ex- 
ternal murmur.! Intracardiac phonocardiog- 
raphy may throw further light on_ this 
problem. 

Unlike the murmur due to small ven- 
tricular septal defect, the murmur produced 
by a minute ventricular septal defect is 
much softer and more localized. Character- 
istically, it commences immediately with 
the first sound, reaches a crescendo by the 
first third of systole, and then softens 
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rapidly, apparently ceasing well before the 
aortic second sound.® Intracardiac phono- 
cardiography is a useful aid in diagnosis. 
The murmur is recorded in the ventricle 
and inay be critically localized. It has the 
same configuration as that of the external 
murmur. It softens after amyl nitrite and 
intensifies after phenylephrine, becoming 
pansystolic. However, in the pulmonary 
artery the soft ejection systolic murmur 
intensifies after amyl nitrite and changes 
insignificantly after phenylephrine. Unlike 
the murmur due to small ventricular septal 
defect, the murmur of minute defect is 
softer and more localized, so that it will not 
obscure an associated pulmonary ejection 
murmur if audible externally. Since the 
atypical murmur of septal defect is short 
(and early) and may closely resemble an 
associated pulmonary ejection murmur, 
great care must be taken to select the 
correct site for auscultation during the 
amyl-nitrite test. Moreover, because the 
ejection murmur will intensify after amyl 
nitrite, the diagnosis will be missed unless 
the site of maximal intensity of the septal- 
defect murmur is selected. 

The intracardiac murmurs both of small 
and of minute ventricular septal defects 
differed in their position and direction of 
conduction, suggesting different sites of the 
defects or direction of the regurgitant jet 
within the ventricle. It was not possible, 
however, to determine whether the defect 
was in the muscular or membranous septum 
or whether the defects were single or 
multiple. This was due in part to difficulty 
in accurately identifying the position of the 
tip of the catheter within the right ven- 
tricle during fluoroscopy in the antero- 
posterior view. In only one patient was 
there strong evidence of a minute septal 
defect low down in the muscular septum. 
In this patient the only murmur recorded 
within the right ventricle was confined to 
the apex of this chamber. 


Summary 


1. Synchronous external and _ internal 
phonocardiographic tracings were recorded 
in 8 patients who had small ventricular 
septal defect (less than 45 per cent left-to- 
right shunt) and normal pulmonary arterial 
pressure, and were without pulmonary 
stenosis. The external phonocardiograms 
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showed a widely radiating pansystolic mur- 
mur, either plateau shaped or with a 
late crescendo. The internal phonocardio- 
gram showed a similar murmur in the right 
ventricle. In 3 patients the murmur due to 
the ventricular septal defect radiated widely 
into both pulmonary arteries but was not 
equally loud at all sites in the right ven- 
tricle, suggesting jet flow of shunted blood 
down the pulmonary arteries. In 3 patients 
the septal-defect murmur was confined to 
the ventricle, and a separate pulmonary 
ejection murmur was recorded beyond the 
pulmonary valve. 

2. Amyl nitrite softened the pansystolic 
regurgitant murmur recorded in the right 
ventricle. In the pulmonary artery, how- 
ever, the short ejection murmur was in- 
tensified, but this had no influence on the 
externally recorded murmur, which also 
softened. 

3. Phenylephrine produced marked in- 
tensification and prolongation of the mur- 
mur in the right ventricle and of the 
externally recorded murmur, and in one 
subject the intrapulmonary ejection mur- 
mur intensified. 

4. Since changes in the chest-wall mur- 
mur closely parallel changes in the right 
ventricular murmur, variation in intensity 
of the chest-wall murmur alone provides 
information of the change in volume rate 
of shunt flow. 

5. In the case of minute ventricular 
septal defect the tracings recorded at the 
fourth left intercostal space and in the 
right ventricle both showed the character- 
istic crescendo-decrescendo murmur which 
softened after amyl nitrite and intensified 
and lengthened after phenylephrine. The 
intrapulmonary ejection murmur increased 
with amyl nitrite. Since the septal-defect 
murmur is softer and more localized in the 
case of minute septal defect, a separate 
pulmonary ejection murmur may be heard 
in the pulmonary area. Unless auscultation 
is made at the correct site, the diagnostic 
effect of amyl nitrite may not be detected. 

6. This study has thrown some light on 
the different behavior of the regurgitant 
systolic murmur of ventricular septal defect 
and the pulmonary ejection murmur under 
the influence of vasoactive drugs. It has 
clarified the interpretation of these mur- 
murs when they are heard at the chest wall. 
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Spiess with rapid advances in the 
therapy of heart disease a need for 
more accurate diagnosis has been recog- 
nized. The application of vectorial prin- 
ciples in electrocardiography, and later of 
vectorcardiography itself, has been a diag- 
nostic aid of as yet undetermined extent. 
Since the most recent advances in cardi- 
ology have occurred in the fields of con- 
genital and rheumatic heart disease, need 
for information about normal ranges in a 
comparable age group is apparent. It is the 
purpose of this paper to supply vector- 
cardiographic data in normal young adults, 
a group in which the existence of severe 
arteriosclerotic changes can be fairly well 
excluded, and yet in which the normal 
evolutionary changes in electrical axis from 
childhood to adulthood will already have 
occurred. 


Methods and material 


Sixty subjects without a history of heart 
disease were selected on the basis of normal 
findings by physical examination, electro- 
cardiogram, and chest x-ray examination. 
The ages ranged from 18 to 36 years 
(Table I). Most of the subjects were resi- 
dents, fellows, or student nurses at the 
Peter Bent Brigham Hospital. 


Boston, Mass. 


The vectorcardiogram in normal young adults 


From the Medical Clinic, Peter Bent Brigham Hospital, and Department of Medicine, Harvard Medical School, 


The technique of vectorcardiographic 
registration was that devised by Frank,! 
using the fifth intercostal space. Scalar 
vectorcardiographic leads were not re- 
corded. The recording apparatus con- 
sisted of two Tektronix preamplifiers and 
a DuMont oscilloscope mounted on a port- 
able unit. Vectorcardiographic loops were 
recorded on XXX Kodak 35-mm. film. 
After processing, the films were read on a 
Documat Microfilm Reader (Model F). In 
all subjects an electrocardiogram was re- 


‘corded with a Sanborn direct-writing elec- 


trocardiograph. This included the 12 stand- 
ard leads and Leads Vir and V3r. The 
tracings were taken on the same day as 
the vectorcardiogram. 

The vectorcardiographic loops were in- 
terrupted 400 times per second so that 
consecutive dashes are represented by 
0.0025 second, and four dashes and their 


Table 1. Patient distribution 


Age group 
(years) Male Female Total 
18-30 21 34 55 
31-36 4 1 5 


This investigation was carried out during the tenure of Postdoctoral Fellowships (HF-8580, Dr. Forkner; and 8886, 
Dr. Hugenholtz) from the National Heart Institute, United States Public Health Service, and was supported in 
part by Cardiac Research Fund No. 9264, Peter Bent Brigham Hospital. 
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FRONTAL PLANE 


Fig. 1. Schema designating position of the three mutually perpendicular planes in the 


human torso. 


intervals indicate 0.01 second. The tear- 
drop-shaped dashes point in the direction 
of rotation. The sagittal plane was viewed 
from the patient’s left shoulder, so that 
a counterclockwise rotation of this loop 
was observed (Fig. 1). 

The direction of instantaneous 0.01, 0.02, 
0.03, and 0.04-second QRS (QRSsE) vec- 
tors as well as maximum QRS vectors were 
carefully measured in each plane and 
plotted on a polar coordinate scale, using 
the notation proposed by Helm? (Fig. 2). 
In addition, maximum P and T loop vectors 
were computed and their directions of 
rotation noted. Maximal QRS, P, and T 
vectors are those of largest magnitude in 
each planar projection. Analysis of P, T, 
and initial QRS vectors was facilitated by 
the use of augmented spot films of these 
areas. Vector magnitude was not measured. 
Terminal vectors were not calculated. 


Results 


A representative vectorcardiographic 
tracing is shown for purposes of orientation 
(Fig. 3). A statistical analysis of P, QRS, 
and T loops is listed in Table II and pre- 
sented graphically in Figs. 4 through 8. 

The range for the direction of maximal 
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QRS vectors in the frontal plane was 5 
to 60 degrees, with a mean value of 40 
degrees (Fig. 5). This range was consider- 
ably narrowed when the determinations 
were subdivided according to the direction 
of rotation of the frontal plane QRS loop. 
Thirty-two showed clockwise (CW) rota- 
tion and a mean axis of 41 degrees (S.D. 
10.1 degrees); 10 demonstrated counter- 
clockwise (CCW) rotation and a mean 
axis of 20 degrees (S.D. 13.6 degrees), and 
18 were found to have a figure-of-eight 
configuration and a mean axis of 42 de- 
grees (S.D. 8.9 degrees). The range for 
this value in the sagittal plane was 335 
degrees through the zero line to 118 de- 
grees, with the main distribution between 
50 and 104 degrees (mean 65 degrees) 
(Fig. 6). In the horizontal plane, maximum 
QRS vectors were also distributed in two 
general groups; the smaller group of only 
4 observations had a mean QRS at 257 


degrees, and the larger group (56 observa- | 
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tions) had a range of 320 to 27 degrees, 
with a mean vector of 346 degrees (Fig. 7). 
These groups did not differ significantly 
with regard to age or physique. 

The direction of the 0.01-second QRS 
vector in the frontal plane showed extreme 
variations, covering the entire angular 
scale (Fig. 5). This might be attributed, 
at least in part, to the difficulty of isolat- 
ing the zero point. However, this explana- 
tion seems unlikely for the following rea- 
sons. No such wide ranges were found for 
the direction of the 0.01-second vector in 
the sagittal and horizontal planes. This 
does not exclude errors in measurement 
in the frontal plane. Such errors might 
be of the following nature: failure of proper 
identification of the dash structure repre- 
senting the 10-millisecond time instant, 
and error in measurement of the direction 
of this vector because of its small magni- 
tude. It was found that the chance of 
error could be reduced by careful photog- 


Fig. 3. Representative normal vectorcardiogram in a 35-year-old healthy man. F: Frontal plane. S: Sagittal 
plane. H: Horizontal plane. Direction of rotation is indicated by the sharp end of the tear-shaped dots which 
interrupt the vectorcardiogram at 0.0025-second intervals. Frontal plane, clockwise; sagittal plane, counter- 
clockwise; horizontal plane, counterclockwise. The horizontal plane insert shows the P loop (P?) and the T 
loop (T) amplified (arrows). Amplification in the horizontal plane is greater than that in the frontal and 


sagittal planes. 
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raphy of greatly amplified, early segments 
of the loop. Duplicate measurements indi- 


error would have propagated itself through- 
out all subsequent observations. 


cated an average error of 5 degrees. The Since there was no distinct correlation 
correctness of these measurements appears of this early vector with the direction of > 

to be further supported by the small rotation of the QRS loop in the frontal 

standard deviation found for the 0.02 and plane, it seemed most likely that this 
0.03-second vectors, because, if an in- variability (also found by Pipberger!) was 


correct zero point had been selected, the related to the degree of superior deflection 
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Fig. 4. Representative normal QRS loop in three planes derived from 60 normal adults. In this and succeeding 
figures the arrows indicate direction of rotation and location of instantaneous vectors in accordance with the 
following scheme: — average vector at 0.01 second; —+— average vector at 0.02 second; —+— — average vector 
at 0.03 second; >—>—— average vector at 0.04 second. The line connecting the zero point with the most distant 
point of the loop represents the maximum QRS vector. 
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Fig. 5. Scattergrams indicating position of the 0.01, 0.02, 0.03, 0.04-second, and maximum QRS vectors of 60 
healthy adults in the frontal plane. There is wide divergence in the 0.01-second vectors, but a narrow range for 
the other vectors. The standard deviation and standard error of the mean for each vector are given in Table IT, 
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Fig. 6. Scattergrams indicating position of the 0.01, 0.02, 0.03, 0.04-second, and maximum QRS vectors of 60 


healthy adults in the sagittal plane. 


of the ventricular activation curve as the 
impulse spread from the proximal branches 
of the bundle of His. Directions of initial 
vectors for the sagittal and_ horizontal 
planes are given in Figs. 6 and 7. As pro- 
jected on these planes the 0.01-second 
vectors pointed mainly anterior and right- 
ward and were distributed over a compara- 
tively narrow range (S.D., respectively, 
28.5 and 25.6 degrees). The differences be- 
tween the directions of various vectors 
calculated in each plane were statistically 
significant (p < 0.001), with the exception 
of the 0.02 and 0.03-second vectors in 
the frontal plane. 

In each of the three planes the respective 
observations for the 0.02 and 0.03-second 
vectors were located close together (see 
Figs. 5, 6, and 7), resulting in relatively 
small standard deviations. This also was 
observed with the 0.04-second vector in 
the sagittal and horizontal planes. In the 
frontal plane, however, the 0.04-second 
vectors were widely distributed, the stand- 
ard deviation of 61.8 degrees contrasting 
sharply with that of 25.0 degrees for the 


0.04-second vector in the horizontal plane. 
It appears that this wide spread is a func- 
tion of the direction of rotation of the loop. 
Since the maximum QRS vector in the 
frontal plane is closer to the 0.03-second 
vector than to the 0.04-second vector, the 
0.04-second vector of those normal sub- 
jects with counterclockwise rotation was 
found to be on the leftward ascending limb 
of the QRS loop, whereas in the normal 
subjects with clockwise rotation it was 
situated on the rightward ascending limb 
(Fig. 5). When the values of the 0.04- 
second vector were subdivided according 
to direction of rotation, much _ smaller 
standard deviations were found. Obviously, 
the mean value of 68 degrees for the 0.04 
second vector has only limited significance, 
since it represents principally the larger 
number of normal subjects with clockwise 
rotation. The more logical subdivision of 
the 0.04-second vector in the frontal plane 
according to direction of rotation is given 
in Table II. 

Of the 60 determinations, the direction 
of rotation in the frontal plane was clock- 
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wise in 32, counterclockwise in 10, and 
figure-of-eight or linear in 18. There was 
no individual with a maximum QRS vector 
of less than 20 degrees who demonstrated 
clockwise rotation in this plane. Although 
there was no apparent relationship between 
the age of the subject and the direction 
of the maximum QRS vector, the more 
horizontally located maximum QRS vec- 
tors (mean 20 degrees) were associated 
with counterclockwise rotation. The re- 
verse was true for the more vertically 
situated maximum QRS vectors (mean 41 
degrees). In all subjects, rotation of the 
QRS loop was counterclockwise in the 
sagittal and horizontal planes. 

The maximum P and T vectors are sum- 
marized in Table II and Fig. 8 (A, B, C). 
In general, the P vectors tended to fall 
within a narrower range and to be oriented 
in a more inferior, rightward, and pos- 
terior direction than were the T vectors, 
although considerable overlap in individual 
values was evident. Counterclockwise rota- 
tion was the rule for the P loop in all planes. 
Counterclockwise rotation also occurred in 


the T loop in the sagittal plane in all but 7 
individuals, and in the horizontal plane in 
57 individuals. In the frontal plane the T 
loop rotated as frequently in a clockwise 
as in a counterclockwise direction. 


Interpretation of electrocardiographic 
and uncorrected vectorcardiographic pat- 
terns derived from human beings rests on 
certain basic assumptions which have 
proved to be insufficiently accurate for 
recent methods of vectorcardiography. 
These considerations have been studied 
by others*-"" and can be summarized as 
follows: (1) that the human body has homo- 
geneous resistance; (2) that it is a volume 
conductor of regular shape; and (3) that 
the electrical center of the heart is constant 
and centrally located, and, therefore, may 
be represented by a fixed dipole equivalent. 

However, extensive investigation of this 
problem by many workers, using torso 
models of homogeneous conductivity with 
different configurations of body build, has 
shown that effective lead axes rarely coin- 
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Fig. 7. Scattergrams indicating position of the 0.01, 0.02, 0.03, 0.04-second, and maximum QRS vectors of 60 
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Fig. 8. Scattergrams indicating location of the maximum P and T loop vectors 
in the frontal plane (A ), sagittal plane (B), and horizontal plane (C). 


cide with anatomic lead axes either in 
magnitude or in direction. Nor is there 
any constancy of the heart dipole within 
the same individual.*-" It has become 
apparent that eccentricity of heart lo- 
cation is the major factor, and that 
variations in physique and tissue conduc- 
tivity contribute to this discrepancy. The 
Frank system was devised to correct errors 
arising from such variables and yet to 
maintain clinical applicability. This study 
indicates that a very consistent perform- 


ance, yielding useful data within an ac- 
ceptable range, can be expected. 
Comparison of the results of this analysis, 
using the Frank system, with those of 
Pipberger on 100 normal subjects, using 
the SVEC-III lead system,” indicates a 
rather close ‘agreement for most QRS 
values obtained* (Table III). The mean 
values for maximum P and T loop vectors 


*It should be pointed out that Pipberger’s data for the sagittal 
plane have been corrected to conform with Helm’s system 
of notation which views this plane from the left shoulder. 
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are aiso comparable. A narrow range for 
the frontal plane maximum QRS vector 
is conarmed. The same double-peak con- 
tour of the maximum QRS in the horizontal 
plane was recorded with the present tech- 
nique. There are, however, some differ- 
ences, particularly in the 0.02 and 0.03- 
second vectors. Since the 0.04-second and 
the maximum QRS vectors are quite com- 
parabie (frontal plane, 40 versus 41 degrees; 
sagittal plane, 65 versus '55 degrees; hori- 
zontal plane, 346 ‘versus 323 degrees), as 
are the 0.01-second vectors (sagittal plane, 
187 versus 201 degrees; horizontal plane, 
98 versus 94 degrees) and the standard 
deviations for these vectors, it does not 
appear that difficulties in isolating the 
exact beginning of the QRS loop are re- 
sponsible. Rather, differences inherent in 
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the design of these reference systems pro- 
vide the most acceptable explanation for 
the observed discrepancies. 

In a recent study, Mori and associates," 
also using Schmitt’s SVEC-III system, 
analyzed initial QRS vectors in a group of 
older men. When their measurements of 
elevation and azimuth are converted to the 
system of notation used in the present 
study, fair agreement for the 0.01-second 
and 0.04-second vectors existed* (Table 
III). Less good correspondence was found 
for the 0.02 and 0.03-second vector direc- 
tions. These findings seem again to point 
toward differences in the reference systems, 
although the older age of the group studied 


*The maximum QRS vector was not calculated in their study; 
however, they found good correspondence between the 
mean QRS and the 0.04-second vectors. 


Table 111. Comparison with data obtained by other investigators* 


Mori et al. 
Plane (93 cases) 


Pipberger 
(100 cases) 


Bristow 
(72 cases) 


Present study 
(60 cases) 


Frontal 


Maximum 


Sagittal 


Horizontal 


Maximum 
S.D. 


346 .0° 


33.0° 
22.4° 
39.0° 
10.6° 
30.0°/41.0°/44.0° 
10.0°/14.8°/14.2° 


*Where necessary, values have been corrected to conform with Helm’s system of notation which views the sagittal plane from the left. 


tValues not showing Gaussian distribution. 


| 
S.D. 15.6° 
0.03 16.4° 28.0° ee 
S.D. 10.6° 26.7° 
0.04 22.8° 38.0° 
S.D. 13.6° 12.2° 
41.0° 40.0° 33.0° : 
14.9° 10.6° : 
0.01 184.1° 201.0° 187.0° 
S.D. 24.3° 28.3° 25.5° — 
0.02 N.C. 179.0° 151.0° 
S.D. 21.8" 25.1° 
0.03 N.C. 138.0° 102.0° a 
S.D. 35.6° 29.5° 
0.04 88.0° 85.0° 65.0° 
S.D. 24.2° 34.4° 24.8° : 
Maximum 55.0° 65.0°F 39.0°F 
0.01 115.0° 94.0° 98.0° 
S.D. 31.2° 26.2° 25.6° 
0.02 84.0° 50.0° 
S.D. 31.9° 23.9° 24.2° 
0.03 26.0° 40.0° 8.0° 
S.D. 23.4° 29.8° 15.6° 
0.04 358.0° 356.0° 343.0° —— 
S.D. 24.2° 26.4° 25.0° — 
323.0°F 346.0° 327.0°F 
A0.6° 30.5° — 
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by Mori and his associates may explain 
some of the discrepancies. This latter 
possibility is further indicated by the gen- 
erally more horizontal direction of all 


initial vectors in the frontal plane, when > 


compared to Pipberger’s or to our data. 
However, despite the younger age of our 
subjects, the data obtained with the Frank 
system showed a more leftward and pos- 
terior direction of the initial vectors in the 
sagittal and horizontal planes. It appears 
therefore that, whereas good agreement 
exists between both systems in the frontal 
plane projection of spatial vectors, allowing 
for differences in age of the subjects studied, 
sagittal and horizontal plane projections 
diverge considerably. The fact that the 
best agreement between Pipberger’s and 
Mori’s study was found in the sagittal and 
horizontal plane data further accents this 
discrepancy between the Frank and the 
SVEC-III systems. 

Unfortunately, comparable studies with 
the Frank system are not available. 
Bristow’! showed recently, however, in a 
group of 72, mostly middle-aged people 
that the maximum QRS vector and the 
half-area QRS vector were displaced even 
farther leftward, posteriorly, and superiorly 
than in our series, suggesting that increased 
age will further enhance the already exist- 
ing tendency of the Frank system toward 
excessive leftward and posterior projection 
of spatial vectors. 

No comparison with the cube system 
was made, since no detailed data or timed 
vectors are available. Our own limited 
experience with the latter system, how- 
ever, suggests that, as with the standard 
electrocardiogram, a much wider range of 
observation exists for these selected vec- 
tors. Furthermore, analysis of the standard 
electrocardiogram does not lend itself to 
the description of mathematically cir- 
cumscript values for individual vectors. 
It is particularly in this regard that the 
vectorcardiogram obtained with a cor- 
rected lead system promises its great value. 


Summary and conclusions 


1. The corrected vectorcardiographic 
lead system of Frank was applied to 60 
normal young adults in order to establish 
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preliminary normal ranges as a basis for 
additional studies in patients with heart 
disease. 

2. Variations observed proved to be suf- 
ficiently narrow to provide a useful basis 
for interpreting deviations from the norm. 

3. The results of this study tend to con- 
firm those of Pipberger, who used the 
SVEC-III system in 100 normal individ. 
uals, many of whom were in the same age 
group described in the present report. 
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The descending septal artery 


in human, porcine, equine, ovine, bovine, 


and canine hearts 
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ttention is here focused on a little- 

known accessory artery which helps 
supply the cardiac interventricular septum 
in man and some animal species. Like the 
conus artery,! this vessel appears to assume 
importance as a source of anastomotic 
blood supply in human hearts with diseased 
coronary arteries. 


Materials and methods 


The material consists of 427 human and 
130 animal hearts. The latter include 60 
porcine, 20 ovine, 15 bovine, 4 equine, and 
31 canine specimens. 

Each heart was studied by a modification 
of Schlesinger’s coronary injection method?: 
radiopaque mass of different colors was 
injected into the two main coronary arteries 
through cannulas tied securely into their 
respective ostia; the heart was unrolled; 
stereoscopic or plain angiograms of the 
unrolled specimens were taken; and the 
coronary arteries were dissected with the 
film as a guide. The injection mass used 
consists of barium sulfate in a menstruum 
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of gelatin; it penetrates regularly to arte- 
rioles 40 to 50 micra in diameter, incon- 
stantly to smaller arterioles, and does not 
enter capillaries.2 The source of the mass 
contained in any injected vessel was identi- 
fiable by its color. Stereoscopic angiograms 
of the intact heart were prepared in a 
number of cases. 

The method of unrolling is that described 
by Rodriguez and Reiner.‘ It lays out the 
main coronary arteries in one plane, leaves 
the interventricular septum and its blood 
supply intact, and transects the right coro- 
nary artery some distance beyond its origin. 
In the unrolled specimens and in the 
angiograms the proximal segment of the 
right coronary artery remains attached to 
the aorta in normal anatomic relation with 
the septum. 


Observations 


The artery with which we are concerned 
originates close to the right coronary orifice, 
descends through the superior septal border, 
and ramifies in the interventricular septum. 
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Fig. 1. Coronary angiogram of normal human heart injected by Schlesinger’s technique and unrolled by the 
method of Rodriguez and Reiner. Horizontal arrow points out well-developed descending septal artery; vertical 
arrow indicates the conus artery, cut branches of which are visible in right lower portion of photograph. Both 
vessels arise by a common ostium from the right aortic sinus, close to origin of the right coronary artery. Vertical 
lines mark the transected right coronary artery and branches; and horizontal lines, the left circumflex and left 


anterior descending coronary arteries. 


This vessel is here referred to as the 
“descending septal artery.’ It is to be 
distinguished from the other septal arteries 
which arise in series from the left anterior 
and the right or left posterior descending 
coronary arteries, enter the septum through 
the anterior and posterior septal borders, 
and are diagcnally disposed parallel to the 
base of the heart. 

The presence of the descending septal 
artery is inconstant. It was noted in some 
of the human, procine, equine, ovine, and 
bovine hearts, and was absent in all of the 
canine hearts studied (Table I). When 
present, its development varied inversely 
with that of the superior septal branches 
(or branch) of the left anterior descending 
coronary artery. When absent, its distribu- 
tion is taken over by the other septal vessels. 


Human hearts 


1. Anatomy. The human descending septal 
artery is illustrated angiographically in 


Figs. 1, 2, 3, and 4. It arose from the aortic 
sinus in 18 hearts: in 10 of these, by a com- 
mon mouth with the right coronary artery; 
in 5, by an opening which also gave rise to 
the conus artery (Fig. 1); and in 3, bya 
completely independent ostium (Fig. 2). 
In 31 hearts it arose from the first centi- 
meter of the right coronary artery main 
stem (Figs. 3 and 4). In 2 specimens with 
diseased vessels we could not decide which 
of these types of origin was involved. 

From its origin the descending septal 
artery coursed down the root of the aorta, 
gave off occasional branches to the peti- 
aortic connective tissue and parts of the 
crista supraventricularis, and then entered 
the interventricular septum between the 
anterior and middle thirds of the superior 
septal border. 

The size and distribution of the descend- 
ing septal artery within the septum were 
variable. In 9 hearts this vessel was poorly 
developed (Fig. 3). Its internal diameter 
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near its origin ranged from 0.3 to 0.4 
mm., and after a short course it broke up 
into tiny twigs which spread down the 
middle of the septum to the general level 
of the ramus septi fibrosi (Gross). In 11 
specimens its caliber ranged from 1.0 to 
1.6 mm.; it extended one fourth to one half 
of the way down the septum, following a 
gentle curve which veered toward, then 
away from, the anterior septal border 
(Figs 1, 2, and 4). Its branches reinforced 
or replaced those of the anterior septal 
arteries, and confronted those of the poste- 
rior septal arteries. In the other 31 hearts 


the descending septal artery was of in- 
termediate size and distribution. 

2. Race, sex, and age. The descending 
septal artery was noted in 51 hearts from 
5 Negro and 46 white subjects: 35 males 
and 16 females (Table II). Its incidence 
was similar in both races, was higher in 
males than in females, and was unrelated 
to age (Table III). It is here emphasized 
that the incidence given refers only to 
vessels which were filled with mass and were 
visualized angiographically. A systematic 
search for noninjected descending septal 
arteries was not made. 


Fig. 2. Portion of human coronary angiogram. Arrow at upper left points to independent 
ostium of a descending septal artery, close to origin of the right coronary artery. Hori- 
zontal lines indicate the left anterior and the (right) posterior descending coronary 
arteries which delimit the borders of the interventricular septum. 
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Fig. 3. Portion of angiogram of human heart with occlusions in the left circumflex and left anterior descending 
coronary arteries, and a primary branch of the latter (Jines). Arrow points out small tortuous descending septal 
artery which arises from the right coronary artery, and communicates with other septal arteries. 


3. Coronary pattern.’ The descending 
septal artery occurred in hearts with a 
right preponderant, a balanced, and a left 
preponderant coronary pattern.’ No signifi- 
cant association between this vessel and 
any of these patterns was established (Table 
IV). 

4. Conus artery.! The descending septal 
artery coexisted with a conus artery in 
27 hearts; in 24, it did not. Thus, about 1 
of every 2 hearts with a descending septal 
artery had a conus artery also. Our ob- 
servations on the conus artery in hearts 
without a descending septal artery are 
incomplete. There is probably no relation- 
ship between the presence of one and the 
other of these two vessels. Schlesinger and 
co-workers! noted the conus artery in 1 of 
every 2 hearts that they studied. 

5. Coronary occlusions. Coronary occlu- 
sions were present in 21 (11 males and 10 
females) of the hearts with a descending 
septal artery. None of the occlusions in- 
volved this vessel or its origin. Most of the 


occlusions were old. Anastomotic filling 
of vessel segments distal to the occlusions 
was found in all of these cases. 

The descending septal artery was noted 
twice as often in hearts with occlusions as 
in those without (Table V). However, 
its size was not demonstrably increased 
in the presence of occlusive disease in other 
cardiac vessels. Small descending septal 
arteries were found in hearts with occlusions 
(Fig. 3), and well-developed ones occurred 
in normal hearts (Fig. 1). 

6. Anastomoses. Anastomoses to the de- 
scending septal artery were demonstrated 
in 40 hearts, of which 8 were normal, 11 
had stenosing coronary atherosclerosis, and 
21 had occlusions. In these 40 cases the 
descending septal artery must have filled 
with mass via anastomotic channels (at 
least 40 micra in diameter), because its 
opening was either separate from the right 
coronary artery (8 hearts) or proximal to 
the tie which secured the injection cannula 
into the right coronary ostium (32 hearts). 
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In 9 other specimens the descending septal 
artery arose from the right coronary artery 
distal to the tip of the cannula and, there- 
fore, could have filled directly from its 
parent vessel. Information regarding the 
precise route of flow of the injection mass 
into the descending septal artery was not 
obtained in 2 hearts. The injection mass 
contained in all of the descending septal 
arteries visualized came exclusively from 
the right coronary arterial tree. 
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The descending septal artery lies between 
the left anterior and the right or left 
posterior descending coronary arteries, and 
is, therefore, a potential route of anastomo- 
tic flow to both these major vessels of the 
heart. Its value as an anastomotic route 
is determined by its size, and by the loca- 
tion of occlusions or narrowings in the coro- 
nary arterial tree. In 3 hearts, occlusive 
disease involved coronary arteries in sites 
unrelated to the descending septal artery. 


Fig. 4. Portion of angiogram of human heart with a long occlusion in the middle third of 
the left anterior descending coronary artery, and a short one in the terminal end of the 
right coronary artery main stem (lines). Arrow points out well-developed descending 
septal artery which arises from the right coronary artery, and communicates via tortuous 


channels with other septal arteries. 
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Table 1. Incidence of descending septal artery 
in human and animal hearts 


Descending septal artery 


Species 
Observed Not observed 


Human 51 (12%) 
Bovine 15 
Porcine 40 

Ovine 

Equine 

Canine 


Total 


Table II. Incidence of descending septal 
artery in males and females of the white and 
Negro races 


Descending septal artery 


Race Sex 
Not 
Observed observed 


Negro 4 (18%) 18 
1( 3%) 28 


5 (10%) 


Males 31 (14%) 
Females 15 ( 9%) 


46 (12%) 


Males 35 (15%) 
Females 16 ( 8%) 


51 (12%) 


In 18 others this vessel was clearly in a 
position to help irrigate areas of the myo- 
cardium originally supplied by an occluded 
vessel or vessels. In the angiograms of these 
cases, anastomotic channels, at least 150 
micra in diameter, were observed to extend 
from the descending septal artery to neigh- 
boring vessels. These channels usually 
showed marked tortuosity. Two of these 
18 cases are illustrated in Figs. 3 and 4. 


Animal hearts 


Figs. 5, 6, 7, and 8 show the descending 
septal artery in relation to the rest of the 
coronary arterial system in animal hearts. 
This vessel was not observed in canine 
specimens; its distribution in this species 
appears to be taken over entirely by the 
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constant and highly developed “‘left septal 
artery” (Moore) (Fig. 9). The resemblance 
between the coronary arterial patterns of 
man and those of these animals is evident, 
Judged by Schlesinger’s criteria,* the bovine, 
ovine, and canine coronary patterns were 
all left preponderant; the porcine, balanced; 
and the equine, right preponderant in type, 


Table III. Incidence of descending septal 


artery in various age groups 


Descending septal artery 


Not 
Observed observed 


4 

i 

9 (15%) 
13 (14%) 


18 (12%) 
9 (11%) 


51 (12%) 


Table IV. Incidence of descending septal 
artery in hearts with right preponderant, 
balanced, and left preponderant types of 
coronary pattern® 


Descending septal artery 


Type of coronary 
pattern Not = Total 
Observed observed 


Right preponderant 29 (12%) 214 243 
Balanced 9( 8%) 99 108 
Left preponderant 13 (17%) 63 76 


Total 51 (12%) 376 427 


Table V. Incidence of descending septal 
artery in hearts with and without coronary 
occlusions elsewhere in the coronary arterial 
tree 


Coronary occlusions 


Descending 
septal artery Present Absent 


Observed 21 (41%) 30 
Not observed 65 (17%) 311 


Total 86 (20%) 341 


| 
376 427 
0 15 
‘ 20 60 
12 20 
3 4 Pe 
20-29 3 3 
30-39 10 11 
40-49 20 21 
Total 50-59 51 60 
70-79 P| 136 154 
80-89 70 79 
22 90-99 — 6 6 
os White 185 216 
145 160 
330376 
Both 203-238 
173 189 
51 
1 376 
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The descending septal arteries in the animal 
hearts »vere all branches of the right coro- 
nary ar’ery and arose close to the origin 
of the /.tter in the aorta. 

1. Porcine hearts. The descending septal 
artery, noted in 40 of the 60 porcine hearts, 
was inconspicuous (Fig. 5). Its diameter 
was 0.2 to 0.4 mm. or about a third of 
that of the largest of the other septal 
arteries. It descended a short way into the 
interventricular septum to ramify just be- 
low the superior septal border. 

2. Equine hearts. The descending septal 
artery, observed in 1 of the 4 equine hearts, 
was poorly developed (Fig. 6). Its diameter 
was 2.5 mm., equal to that of a medium- 
sized anterior septal artery in the same 
heart. It passed down between the anterior 
and middle thirds of the superior septal 
border, and continued for one eighth of the 
distance from the base to the apex of the 
septal triangle. 

3. Ovine hearts. The descending septal 
artery or its equivalent was observed in 
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8 of the ovine hearts. In 3 of these this 
vessel had two components, each with a 
separate origin in the right coronary artery 
main stem (Fig. 7). One component was 
short and stout and ramified close to the 
topmost of the posterior septal arteries. 
Its diameter was 0.8 to 1.0 mm., comparable 
to that of the largest of the other septal 
arteries. The second component, about 
half of the size of the first, was long and 
slender. It accompanied the right limb of 
the neuromuscular bundle all the way 
down the interventricular septum, across 
the moderator band, and into the right 
ventricular wall. In 5 other ovine specimens, 
only one of these components, the short 
stout one, was observed. 

4. Bovine hearts. The bovine descending 
septal artery was highly developed (Fig. 8). 
In each of the 15 specimens it arose from 
the proximal end of the right coronary 
artery, and then passed vertically down 
the midline of the interventricular septum 
to reach the middle or inferior third of 


Fig. 5. Portion of coronary angiogram of unrolled porcine heart. Arrow points out inconspicuous descending 
septal artery originating from the proximal segment of the right coronary artery main stem. 
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Fig. 6. Coronary angiogram of unrolled equine heart. Arrow points to small descending septal 
artery arising from the proximal segment of the right coronary artery. Coronary pattern is right 
preponderant: the right coronary artery supplies the right ventricle, the posterior part of the inter- 
ventricular septum, and the posterior part of the left ventricle. 


this structure. Its diameter was usually 2.0 
to 2.5 mm., or about half of that of the left 
anterior, and two thirds of that of the left 
posterior, descending coronary arteries. Its 
branches supplied the right limb of the 
neuromuscular bundle. It was the largest 
of the arteries within the septum. By 
comparison, other septal arteries were small 
indeed, the largest of these being in the 
order of 0.5 mm. in diameter. 


The accessory vessel that we have here 
called the ‘descending septal artery’’ is not 
widely known. It was observed in 20 per 
cent of a series of 100 human hearts by 
Campbell® but is not described in textbooks 
of human anatomy,’ in many papers 
dealing with the coronary circulation of 
man,!:?:5.12-23 and in monographs or treatises 
on the subject.*4-*° It is depicted in the 


diagram of the coronary arteries published 
by Robb and Robb,* and was noted in 1 
of the 43 human hearts studied by James 
and Burch.” Crainicianu found this vessel 
to be almost constant in oxen, and Banchi” 
noted its equivalent in the rodents Mus 
decumanus, and Mioxus glis. Hegazi* did 
not observe this vessel in goats, sheep, 
and cattle. It was probably present in the 
heart of an Asiatic elephant studied by 
Cave.* It is excluded from the descriptions 
we have come across of other elephant 
hearts,**36 and the hearts of whales,” 
horses,!238 rhesus monkeys,®® 
and pigs.” 

The conspicuous omission of this vessel 
in several careful descriptions of the coro- 
nary arterial system, particularly in the 
human being, needs to be accounted for. 
The ethnic difference between the popula- 
tions studied by others and by us does 
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not seen to be a likely reason because we 
have cvserved this vessel in both Negro 
and wh:te subjects. A possible explanation 
might be that cited by James and Burch,” 
who pointed out that the interventricular 
septum is relatively inaccessible to anatomic 
examination, and that techniques used for 
the study of its blood supply have been 
less than ideal. To this, one might add that 
the presence of the descending septal artery 
isinconstant, that in man it is often small 
and easy to overlook, and that its anatomy 
issuch that cannulas for coronary injection 
are probably often inserted and secured 
past its origin. 
Campbell,® who was unable to find pre- 
vious mention of this vessel, proposed 
the name “ramus cristae supraventricu- 
laris” for it. Robb and Robb* label it the 
“superior septal artery’’ and note that it is 
“important in animals, often reduced in 
man, (and) not mentioned by Spalteholz.’’* 


*For footnote see opposite column. 


We have not adopted either of these names: 
with reference to the first, because the 
major area supplied by this vessel seems to 
be the septum itself; and with reference to 
the second, because the same term can with 
justification be used to designate the top- 
most of the other septal arteries which 
arise from the left anterior, and the right 
or left posterior, descending coronary 
arteries. 

The descending septal artery has not 
gained the attention that it deserves. By 
virtue of its position between the anterior 
and posterior descending coronary arteries 
it is a potential route of anastomotic blood 
flow to both. We have illustrated instances 
in which the descending septal artery 
served to bypass occlusions in neighboring 
large vessels. Campbell® cited similar cases. 
It appears that the presence of the de- 


*The legend to the diagram of Robb and Robb?! lists this 
vessel under “‘branches of left coronary artery’’—apparently a 
typographical error. 


Fig. 7, Coronary angiogram of unrolled ovine heart. Arrows point out two components of the descending septal 
artery in this species: a short stout component (short arrow) supplies the superior part of the septum; a long 
slender one (Jong arrow) accompanies the right limb of the neuromuscular bundle. Each of these components 
as a separate origin in the proximal segment of the right coronary artery main stem. Coronary pattern is 
left preponderant: the left coronary artery irrigates the left ventricle, the interventricular septum, and part 
of the right ventricle; the right coronary artery supplies part of the right ventricle, 
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Fig. 8. Coronary angiogram of unrolled bovine heart. Arrow points to the highly developed descending septal 
artery originating from the proximal end of the right coronary artery. Coronary pattern is left preponderant. 


scending septal artery in the human heart 
can favorably modify the consequences of 
occlusive disease. involving major compon- 
ents of the coronary arterial tree. 

As an anastomotic route the descending 
septal artery takes on the same role in the 
septum that the conus artery has in the 
right ventricle. Further comparisons be- 
tween these two vessels in the human heart 
are of interest. Data pertaining to the 
conus artery are those of Schlesinger, Zoll, 
and .Wessler.! 

The value of a collateral vessel is en- 
hanced when its origin is separate from the 
diseased vessel system that it is to supple- 
ment. The conus artery has a more favor- 
able origin. As defined, it arises directly 
from the aorta; the descending septal 
artery often takes off from the main stem 
of the right coronary artery. All of the 
descending septal arteries in Campbell’s 
series® were branches of the right coronary 
artery. 

The conus artery is the larger vessel. Its 
diameter ranged from 0.4 to more than 


2.0 mm.; that of the descending septal 
artery, from 0.3 to 1.6 mm. 

The conus artery irrigates areas of the 
heart that are perhaps less essential to 
cardiac function than those supplied by 
the descending septal artery. The former 
supplies adipose and myocardial tissue in 
the right ventricle, whereas the latter is 
distributed in the septum in close proximity 
with important segments of the neuro- 
muscular apparatus. 

Both vessels are inconstant. The in- 
cidence of either is unrelated to age; that 
of the descending septal artery is unrelated 
to race or coronary pattern; and that of the 
conus artery is unrelated to sex. We do 
not have an explanation for the different 
incidence of the descending septal artery 
in males and females of this series. 

The conus artery is more common. It 
was noted in 1 of every 2 hearts; the 
descending septal artery, in 1 of every 10. 
This difference is probably not so great 
as it appears. Figures quoted for the conus 
artery include vessels which were not filled 
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with mass. Those given for the descending 
septai artery include only injected vessels 
large enough to be visible with the naked 
eye. ‘ampbell® observed the descending 
septa! artery in 1 of every 5 hearts in his 
series. 

Anastomotic filling of the conus artery 
was observed in 37 per cent of the hearts 
in which this vessel occurred. Comparable 
figures for the descending septal artery 
are not available. The fact that the de- 
scending septal artery was seen more often 
among hearts with coronary ccclusions 
than among those without suggests in- 
creased prominence of this vessel due to an 
augmented, i.e., anastomotic, blood flow 
through it. It appears that this suggestion 
is not necessarily invalidated by our failure 
to appreciate any increase in caliber of the 
descending septal artery in the presence of 
occlusions in other cardiac vessels. 

None of the descending septal arteries 
visualized contained occlusions. Occlusions 
were observed in 1.8 per cent of the conus 
arteries. If this difference in the incidence 
of occlusions between the conus and de- 
scending septal arteries is valid, it may 
relate to the fact that the former is largely 
epicardial, and the latter, mainly intramural 
in course. It is generally recognized that 
atheroma and its complications involve 
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intramural vessels less often than epicardial 
ones. The observation that occlusions spared 
the proximal 1.0 cm. of the right coronary 
artery from which a descending septal 
artery arose is in keeping with that of 
others. Schlesinger and Zoll* found that 
almost all (96 per cent or 120 out of 125) 
occlusions contained in the three main 
coronary artery stems spared the first 
centimeter of the right coronary artery. 


Summary 


An accessory artery which helps supply 
the cardiac interventricular septum in man 
and some animal species is described. It 
arises from the proximal part of the right 
coronary artery or directly from the aorta, 
descends through the superior septal border, 
and ramifies in the septum. This vessel is 
here called the “‘descending septal artery.” 
It was demonstrated in 12 per cent of the 
427 human, all of the 15 bovine, 40 of the 
60 porcine, 8 of the 20 ovine, 1 of the 4 
equine, and none of the 31 canine hearts 
studied by Schlesinger’s technique and un- 
rolled by the method of Rodriguez and. 
Reiner. Its development varied within and 
between species. 

In the human species, it occurred in 
normal and diseased hearts. Its caliber 
ranged from 0.3 to 1.6 mm. Its incidence 


Fig. 9. Coronary angiogram of unrolled canine heart. Descending septal artery is absent. Its expected distribu- 
tion appears to be taken over entirely by the constant and highly developed “left septal artery” (Moore) in 
this species (arrow). Coronary pattern is left preponderant. 
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was unrelated to race, age, or coronary 
pattern, was higher in males than in females, 
and increased twofold in the presence of 

occlusicns elsewhere in the coronary arterial 

tree. The descending septal artery was 
found free of occlusive disease. Like the 

conus artery, this vessel appears to serve as 

a route for anastomotic blood flow to other 

vessels of the heart when these are narrowed 

or occluded. The amount of myocardial 

damage resulting from coronary narrowing 

or occlusion may, in part, be determined by 

the presence or absence of the descending 

septal artery. 


15. 
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Injected specimens were prepared by Sandra J. 
Fish, A. B., and Ann Dunbar, A.A., rendered valu- 
able technical assistance. 
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hanges in the contour, amplitude, and 

direction of the T wave, and varia- 
tions in the Q-T interval are sometimes 
found in the electrocardiographic complex 
which follows a premature ventricular beat. 
A relationship between these observations 
and arteriosclerotic or hypertensive cardiac 
disease has been both suggested and de- 
nied.!-* Levine has suggested that myo- 
cardial impairment may result in changes 
in the Q-T interval and T-wave amplitude 
only after prolonged diastole after a pre- 
mature beat. 

The study of postextrasystolic complexes 
in electrocardiograms recorded during car- 
diac catheterization provided an oppor- 
tunity for assessing the changes in Q-T 
intervals and T waves in patients with 
measured abnormality of intracardiac pres- 
sure and flow. The object of this report 
was to determine whether the mechanical 
effects of intracardiac shunts and valvular 
stenosis were reflected in changes in the 
postextrasystolic T-wave amplitude and 
Q-T interval. 


Methods and material 


The electrocardiograms of 450 patients 
which were recorded during catheterization 
of the right side of the heart were examined. 


Canada. 


| Q-T interval and T-wave amplitude 
after induced ventricular premature beats 


Robert S. Fraser, M.D., F.R.C.P.(C)* 


The age range of these patients was from 
2 months to 49 years. The number of 
patients in each decade was as follows: 2 
months to 9 years, 63; 10 to 19 years, 16; 
20 to 29 years, 10; 30 years and over, 4. 
Either Lead I or II was recorded, together 
with the tracing of the intracardiac pres- 
sures. Because tachycardia alone may re- 


- sult in changes in the T wave,® only 93 


tracings were selected in which single or 
paired ventricular premature beats ap- 
peared. The diagnoses consisted of septal 
defects, both atrial and ventricular, tetral- 
ogy of Fallot, pulmonary stenosis, ductus 
arteriosus, and pseudotruncus. The pa- 
tients were classified as having predominant 
systolic or diastolic ventricular overloading 
by reference to the data from cardiac 
catheterization concerning the presence and 
site of left-to-right shunts and intracardiac 
pressures. None of the patients was re- 
ceiving digitalis. 

The T-wave amplitude of the complex 
which followed a premature beat was com- 
pared with the T-wave amplitude of the 
normal ventricular complex which preceded 
the premature beat. The amplitude of 
each of the T waves and the duration of 
their respective Q-T intervals were meas- 
ured. The mean values and the standard © 
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Table |. Q-T interval and T-wave amplitude 
of coi plexes before and immediately after 
gentric.ilar premature beat 


Q-T interval T amplitude 
(sec.) (mm.) 


Before | After | Before | After 
VPB VPB VPB | VPB 


Diastolic over- 0.33 0.33 2,7 2.8 
load (n= 43) +0.05 +0.05 +1.3 +1.3 
Systolic over- 0.35 0.35 3.3 
load(n= 50) +0.02 +0.05 +1.7 +1.6 


VPB: Ventricular premature beat. 


deviations for these measurements are 
shown in Table I. The significance of the 
difference of the means and the difference 
of paired normal and postextrasystolic 
measurements was determined.® 


Results 


There was no significant change in the 
mean Q-T interval or T-wave amplitude 
after the premature beat in electrocardio- 
grams from patients with either systolic 
of diastolic ventricular overloading. The 
differences of paired observations before 
and after premature beats were not signifi- 
cant. In four tracings only, the amplitude 
of the T wave changed by 2 mm. or more 
after a premature beat. Three of these 
patients had lesions which resulted in 
systolic overloading, and the fourth had a 
left-to-right shunt which produced a dias- 
tolic overload. 

The electrocardiograms were divided into 
two further groups (Table II). The first 
group consisted of those in which the 
difference between the Q-T interval before 
and that after the ventricular premature 
beat was equal to or greater than 0.03 
second. The electrocardiograms of the other 
patients were placed in a second group. 
An attempt was made to assess the effect 
which right ventricular end-diastolic pres- 
sure might have in prolonging the Q-T 
interval after an extrasystole. The data 
contained in Table II show that no correla- 
tion existed between these two measure- 
ments. Similar data) were examined for 
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patients with increased systolic pressure. 
Prolongation of the postextrasystolic Q-T 
interval was not related to the level of 
right ventricular systolic pressure. 


Changes in the T-wave amplitude and 
Q-T interval after extrasystoles have been 
observed in the electrocardiograms of pa- 
tients with and without cardiac disease.!:3-4 
Mann‘ and Levine! reviewed several pos- 
sible causes which have been suggested 
as explanations for these changes. Our 
discussion will be restricted to a proposed 
hemodynamic cause. All previous studies 
reviewed by us were made in patients 
with acquired cardiac disease, whereas our 
investigation was limited to patients with 
congenital lesions, with either left-to-right 
shunts or increased intracardiac pressure. 
We were unable to find any reports in 
which postextrasystolic Q-T and T-wave 
changes were assessed in relation to cardiac 
dynamics. 

Variations, in the T wave and Q-T in- 
terval after a premature beat have been 
attributed to changes in tension and blood 
flow in the myocardium during the post- 
extrasystolic pause. Levine reasoned that, 
if changes in the T-wave amplitude after 
extrasystoles were due to the prolonged 
filling time, then such changes should 
consistently accompany extrasystoles. How- 
ever, he concluded from his observations 
that these changes were generally associated 
with coronary artery disease and might 
also occur in association with other con- 
ditions which produced profound perman- 
ent or transient myocardial impairment. In 
order to explain the infrequency of T-wave 


Table I1. Difference in Q-T interval before 
and after VPB and relationship to RV 
diastolic pressure 


Patients with RV 


Q-T difference | Total number | diastolic pressure 


(sec.) of patients = or > 6 mm. 
0.03 or > 0.03 23 16 (69.6%) 
< 0.03 70 47 (67.1%) 


VPB: Ventricular premature beat. RV: Right ventricular. 
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changes and alteration in Q-T interval 
in the absence of heart disease, he suggested 
that there might be a latent inadequacy 


of blood flow to the inner layers of the 


myocardium, and that this deficiency might 
be exaggerated by increased diastolic filling 
during prolonged postextrasystolic diastole. 

This hypothesis was based in part on the 
demonstration by Johnston and Di Palma’ 
that there was a higher pressure during 
ventricular systole in the inner laminae 
than in the more superficial layers of the 
myocardium. Each patient of our series had 
a congenital lesion which resulted in either 
increased diastolic filling of the ventricles 
from a left-to-right shunt or augmented 
ventricular systolic ejection pressure be- 
cause of obstruction to flow. Either of these 
conditions might be expected to enhance the 
effect of any relative inadequacy of en- 
domyocardial blood flow during prolonged 
postextrasystolic diastole. Results of our 
study did not support such a hypothesis 
inasmuch as the mean amplitude of the T 
waves did not change after an extrasystole, 
nor was there a significant change in Q-T 
interval. Furthermore, such variations as 
were observed around the mean values 
bore no relationship to either end-diastolic 
pressures or systolic pressures measured 
before and after the premature beat. 


Summary 


Single or paired premature ventricular 
contractions occurred in the electrocardio- 
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grams of 93 patients during cardiac cath- 
eterization. The amplitude of the T wave 
and the duration of the Q-T interval were 
measured immediately before and after the 
premature contraction. 

There was no significant difference in the 
mean values for either T-wave amplitude or 
Q-T interval before and after ventricular 
premature beats. 

No correlation was found between the 
right ventricular end-diastolic pressure or 
right ventricular systolic pressure, on the 
one hand, and individual variations of the 
Q-T interval and T-wave amplitude, on 
the other. 
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Fluid electrodes for monitoring 
the electrocardiogram during activity 
and for prolonged periods of time 
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lectrodes which can be used with 

usual leads for monitoring the elec- 
trocardiogram or used on the precordium 
for monitoring the electrocardiogram during 
rest or activity will be described. The 
electrodes are small, atraumatic, unen- 
cumbering, and remain attached to the 
skin for prolonged periods of time during 
strenuous activity. The electrical signal 
picked up by the electrode is not distorted 
appreciably by movement of the skin 
beneath the electrode nor by direct blows 
to the electrode. Possible applications of 
the electrodes will be discussed. 


Materials and methods 


Construction of fluid electrodes. The elec- 
trode, Fig. 1, is made by using simple 
laboratory materials and tools. The central 
well of the electrode is a 0.5-cm. segment 
of amber gum rubber tubing, O.D. 9/16 
inch, I.D. 5/16 inch. Segments of tubing 
can be cut rapidly and cleanly on a band 
Saw after the tubing is threaded on a 
5/16-inch dowel. The lead wire is stranded 
tinned copper, A.W.G. No. 26 with light 


wali vinyl insulation. Three quarters of an 
inch of insulation is stripped; the exposed 
wire is lightly tinned with solder to stiffen 
it. The tinned end of the lead wire is 
threaded into the lumen of an 18-gauge 
hypodermic needle which has been inserted 
through the walls of the well along a 
diameter about 0.25 cm. from either end. 
The needle is removed, leaving the wire 
clasped by the rubber wall of the well. 
A cross wire is then inserted in the same 
plane in a similar manner. The two wires 
are soldered where they cross; in this way 
the lead wire is firmly anchored to the 
well. The exposed uninsulated tips of the 
wire are clipped just beneath the external 
surface of the well. (This was not done for 
the electrode photographed in Fig. 1, in 
order to show the construction of the 
electrode better.) The well is cemented to a 
circular disk of fine mesh cotton gauze 2 
inches in diameter (Bay’s gauze bandage, 
2 inches wide, Parke Davis and Co.), 
using undiluted clear rubber cement (San- 
ford Ink Co., Bellwood, IIl.). The gauze 
covering the center of the well is cut out. 
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Fig. 1. A fluid electrode showing rubber well, cotton 
gauze base, and uninsulated lead wire in the well. 
Contact between lead wire and skin is made by 
electrode jelly which is not shown. 


Adhesion of fluid electrodes to skin. The 
method for applying the electrodes to skin 
should be followed carefully if the electrodes 
are to perform optimally during activity 
or for long periods of time, or both. Fifteen 
minutes to 24 hours before use, the gauze 
base of the electrode is immersed in rubber 


cement recently diluted one to one with © 


ether. At the same time the upper rim 
of the well is coated with dilute rubber 
cement. The rubber-impregnated gauze base 
and rim are allowed to dry completely. 

The site on the skin for the electrode is 
shaved if hair is present. The skin is 
cleaned thoroughly with ether. A thin film 
of a water-soluble deodorant containing 
aluminum chlorohydroxide (e.g., ODO-RO- 
NO, Northam Warren, New York) is 
rubbed into the skin; excess deodorant is 
removed with water, and the skin is dried. 
The site is then covered with an even thin 
film of liquid latex surgical adhesive (‘‘DUO”’ 
Surgical Adhesive, Johnson & Johnson) 
which is gently rubbed into the skin. The 
adhesive is allowed to dry completely or 
until it is transparent. A small hair dryer 
can be used to decrease the time required 
for drying skin and adhesive applied to 
skin. The dry rubberized gauze of the 
electrode is pressed onto the prepared 
site, and an immediate firm bond is pro- 
duced. Latex covering the skin in the 
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well is carefully removed by means of a 
cotton applicator and ether. The well is 
filled from the surface of the skin to the 
top of the well with electrode jelly (Cam- 


bridge Electrode Jelly, Cambridge Instru- 


ment Co., Inc., New York), using a syringe 
and blunt 15-gauge needle. The well jis 
capped with a disk of pliable plastic tape 
(Scotch Pressure Sensitive Tape, No. 471, 
Minnesota Mining and Mfg. Co., St. Paul, 
Minn.) which forms an immediate tight 
seal with the dried rubber cement on the 
rim of the well. Fig. 2 shows the electrodes 
applied to the precordium; the electrode 
over the apex of the heart has been filled 
and capped. A pair of electrodes can be 
applied in 10 to 15 minutes. If heavy 
sweating is not anticipated, the antiper- 
spirant need not be used and this decreases 
the time required to apply electrodes. The 
electrodes are removed rapidly and easily 
with ether. 

Standard electrodes and recorders. Direct- 
contact German silver electrocardiographic 
electrodes, measuring 2144 by 1% inches 
and slightly curved (Cambridge Instrument 
Co., Inc., New York), are referred to as 
standard electrodes. The standard elec- 
trodes were applied after vigorous scraping 
of the epidermis with electrode jelly, using 
a wooden tongue depressor; a liberal amount 
of jelly was left on the prepared side. The 


Fig. 2. Fluid electrodes adhered to skin over the 
precordium: one over the third intercostal space at 
the left margin of the sternum, the other just inferior 
and lateral to the apex of the heart. The upper 
electrode well has not been filled or capped; the 
lower electrode has been filled with electrode jelly 
and capped with a disk of plastic tape. 
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standard electrodes were held in place by 
tightly applied rubber straps. 

Trac.1gs obtained using fluid and stand- 
ard electrodes were compared on a direct- 
writing electrocardiograph (Viso-Cardiette, 
Sanbor: Co., Cambridge, Mass.), paper 
speed 25 mm./sec., 1 mv. = 1 cm. The 
same recorder was also used to study the 
characteristics of tracings obtained with 
the fluid electrodes on the precordium 
during various maneuvers. For these trac- 
ings the electrodes, standard or fluid, were 
connected to the recorder by heavy shielded 
cables used for taking diagnostic electro- 
cardiograms. 

A direct-ink-writing polygraph (Model 5 
Polygraph, Grass Instrument Co., Quincy, 
Mass.), paper speed 2.5 mm./sec., 1 mv. 
= 0.5 cm., was used for monitoring R 
waves during various activities. A 6-second 
signal marker facilitated calculations of 
minute heart rates during portions of trac- 
ings. In addition, a counter was arranged to 
simultaneously count R waves as they 
were traced by the recorder; the output of 
the direct-current driver amplifier was cou- 
pled through a capacitor to a sensitive 
relay; the relay activated a 115-volt 6- 
place counter. With this arrangement, heart 
rates for prolonged periods of time could 
be obtained. For these records the pre- 
cordial fluid electrodes were connected to 
the recorder by unshielded fine lead wires 
15 to 20 feet long. The recorder and subject 
were grounded for all tests. The ground 
electrode was usually on the wrist or ankle. 


Results 


Comparison of standard and fluid elec- 
trodes using conventional leads. In Fig. 3, 
tracings for Leads I and II obtained using 
standard and fluid electrodes are compared. 
The tracings were obtained immediately 
after application of the electrodes to the 
arms and wrists. Comparable tracings were 
obtained at rest. During rapid vigorous 
extension and flexion of the lower arms 
with the fists tightly clenched, spikes were 
produced by contractions of skeletal mus- 
cle; these spikes were comparable for the 
standard and fluid electrodes. As would be 
expected from the type of exercise used, 
tracings obtained with Lead II were clearer 
than the tracings obtained with Lead I. 
The findings indicate that the fluid elec- 
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trodes used with standard leads give trac- 
ings equivalent to those obtained with 
standard electrodes. For some purposes, 
to be discussed, the fluid electrodes used 
with standard limb leads may offer ad- 
vantages which make their use desirable. 

Effect of movement or mechanical shock to 
electrodes. The fluid electrode is pliable 
and moves freely with the skin. Contact 
between skin and the lead wire is made by a 
bridge of electrode jelly; the thickness and, 
therefore, the resistance of this bridge 
remains about constant during movement 
of skin beneath the electrode or when the 
electrode is struck. Fig. 4,4 shows a 
tracing taken using the fluid electrodes on 
the precordium as shown in Fig. 2. A 
large fold of skin and subcutaneous tissue 
beneath the apical electrode was lifted 
and rolled vigorously; only slight shifts in 
the base line occurred. In the second portion 
of the tracing the electrode was hit by 
multiple sharp blows with a fist; small 
slow spikes resulted which did not interfere 
with the clear recording of R_ waves. 
Similar results were obtained using fluid 
electrodes with standard leads. Equivalent 
manipulations of standard electrodes strap- 
ped over the precordium or with standard 
leads caused marked shifts in the base line 
or produced tracings unusable even for 
recording R waves. 

Thus, spikes in electrocardiograms pro- 
duced by contractions of skeletal muscle 
are equivalent for fluid and standard elec- 
trodes. However, spikes or shifts in the 
base line due to movement of electrode 
and skin are much less pronounced for the 
fluid electrodes. 

Monitoring the electrocardiogram to de- 
termine heart rates during activity. Spikes 
produced by skeletal muscle can be greatly 
reduced by using fluid electrodes on the 
precordium, as shown in Fig. 4,B. During 
the tracing the subject knelt from a stand- 
ing position, did two pushups, and rose to a 
standing position. During this exercise, 
movement of skin over the anterior chest 
and the action of skeletal muscle in the 
shoulder girdle was considerable; in addi- 
tion, the precordium struck the floor twice. 
The base line did not shift; the forms of 
the waves were apparent throughout the 
tracing, and the R waves are clear and 
undistorted. Additional tracings of R waves 
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Fig. 3. Comparison of electrocardiograms obtained with fluid and standard electrodes at rest and during activity. 
The electrodes using conventional Leads I and II were connected to an electrocardiograph, paper speed 25 
mm./sec., 1 mv. = 1 cm. The tracings are equivalent during rest and activity. 


during strenuous activity and rest using trodes. The records were obtained about 


precordial fluid electrodes are shown in 2 hours, 12 hours, or 24 hours after applica- 
Fig. 4,C. The six samples were taken from tion of the electrodes. Most of the records 
a single record running for 70 minutes. ran for 10 to 30 minutes; during each test 
During the entire record the base line the subject exercised and rested. The qual- 
did not shift perceptibly and no spikes ity of these records was similar to the one 
which might be mistaken for R waves demonstrated. 


were recorded. The heart rate ranged from 


108 per minute while the subject was Discussion 

jumping to 64 per minute while he was The fluid electrodes were developed for a 
sleeping. The total count for the 70 minutes miniature self-contained heart-beat counter 
was 5,099, with an average minute rate capable of totaling numbers of heart beats 
of 72. The electrodes had been on the for 24 hours or longer during usual activity.' 
subject for 26 hours when the record was The heart-beat counter was activated by 
taken. It is apparent from these findings R waves. Therefore, electrodes and elec- 
that accurate heart rates can be obtained trode positions which gave satisfactory 
for long intervals during activity and rest. electrocardiograms during activity and for 
During the past 2 years we have accumu- at least 24 hours were necessary for the 
lated over 100 records obtained on males heart-beat counter. 


and females using precordial fluid elec- -With use of the electrocardiograph, vati- 
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ous pcsitions for electrodes over the pre- 
cordiu'n were tried. When electrodes were 
placed approximately in the axis of the 
heart over the base and the apex, the 
maxiniiim R-wave signal was obtained and 
the configuration of the wave complexes 
was 10st consistent from individual to 
individual. During vigorous exercise of the 
pectoral and intercostal muscles, clear trac- 
ings of R waves were obtained. 

Various kinds of electrodes were tested 
during development of the fluid electrodes. 
Electrodes dependent on conductive glue 
which became dry when the glue set (e.g., 
powdered silver suspended in collodion or 
other adhesives) had to be discarded be- 
cause of high resistance of the electrode. 
The high resistance was probably due to 
dry epidermis acting as a barrier or in- 
sulation between the conductive electrode 
and the tissue fluids of the dermis. 


ROLLING SKIN BENEATH ELECTRODE 
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Small silver disks similar to conventional 
electroencephalographic electrodes were 
used with electrode jelly. So long as con- 
tact between electrode and skin was firm, 
tracings equivalent to those presented for 
the fluid electrodes were obtained. Thus, 
we can confirm findings recently reported 
using electroencephalographic electrodes ap- 
plied over the manubrium and xyphoid 
for recording electrocardiograms during ex- 
ercise.2, However, methods sufficient for 
maintaining firm uniform contact between 
the electrode and skin for 12 or more 
hours produced severe local inflammation. 

Many years ago, heart rates during 
activity were obtained over periods as 
long as 24 hours by monitoring R waves 
picked up from precordial electrodes.* In 
these studies, small metal cups filled with a 
conductive jelly were held in place by 


rubber straps which encircled the chest. 
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Fig. 4. Electrocardiograms obtained with fluid electrodes on the precordium. A and B, Tracings obtained with 


an electrocardiograph, paper speed 25 mm./sec., 1 mv. = 1 cm., show a stable base line, small slow spikes 
produced by direct blows to an electrode, and fast small spikes produced by skeletal muscle during physical 
activity. C, Tracings obtained with an ink-writing recorder, paper speed 2.5 mm./sec., 1 mv. = 0.5 cm., taken 
during various activities, show a stable base line and clear recording of R waves. Tracing of a 6-second signal 
marker is not shown; heart rates ranged from 108 per minute while the subject was jumping to 64 per minute 


while he was sleeping. 
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Although we did not test this type of 
electrode, we would not expect it to offer 
advantages over the electroencephalographic 
type of electrode, except that drying out 


of electrode jelly might be less of a problem. . 


We found rubber straps for holding elec- 
trodes in place much too encumbering and 
uncomfortable for our purpose. 

Recently, another electrode using a bridge 
of electrode jelly between skin and metal 
pickup was described‘; it was referred to as 
a fluid electrode, and we believe this is a 
suitable designation for various electrodes 
having this feature. Although our electrodes 
were developed independently, arguments 
in favor of using a bridge of conductive 
fluid between skin and metal pickup were 
presented in studies made many years 
ago.*:§ Conductive jelly probably penetrates 
the insulating barrier of the epidermis. 
(Vigorous rubbing or scraping of the epi- 
dermis with abrasive incorporated in some 
commercial electrode jellies accomplishes 
this rapidly.) Electrode jelly has this func- 
tion with standard or fluid electrodes. For 
standard electrodes, motion of the metal 
electrode relative to the skin changes the 
effective electrode resistance appreciably. 
For the fluid electrodes, the suspension of 
the metal pickup in a well of conductive 
jelly permits considerable movement of 
skin and electrode without producing ap- 
preciable changes in resistance. 

The fluid electrodes do not cause dis- 
comfort and do not restrict activity. Sub- 
jects have worn the electrodes for 72 
consecutive hours during hot humid weather; 
each day the subjects played tennis for an 
hour and took showers. The electrodes 
functioned perfectly during ‘the entire pe- 
riod, as indicated by continuous ope: «tion 
of the small heart-beat counter worn by 
the subject, and by periodic checks using 
a direct-writing recorder. In preliminary 
studies done elsewhere, the electrodes have 
functioned well on men sweating heavily, 
wearing protective clothing, and walking 
or running on a treadmill.” In our labora- 
tory, 2 subjects have each worn the fluid 
electrodes for 24 hours on 20 or more 
occasions; 4 ‘subjects have worn the elec- 
trodes for 24 hours on 2 or more occasions; 
and 11 subjects have worn the electrodes 
for 24 hours. In no instance was irritation 
or sensitivity to the adhesive apparent. 
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The small area of skin exposed to electrode 
jelly was slightly erythematous and jp. 
durated after 24 hours; this inflammation 
disappeared rapidly and completely within 
a few hours after the electrodes were 
removed. 

Information on series electrode-skin im- 
pedance is necessary or desirable for some 
applications using low-impedance amplifiers, 
Impedance for precordial fluid electrodes 
was measured on 12 subjects immediately, 
and 2, 4, and 24 hours after application 
of the electrodes. Values varied from 21,000 
to 110,000 ohms immediately after ap. 
plication. The impedance dropped con- 
siderably within 2 hours, and in most 
instances remained quite constant for the 
remaining test period. At 24 hours, values 
ranged from 2,000 to 60,000 ohms; in 
general, values were highest for older women 
and lowest for young adult males. 

The fluid electrodes have been used with 
conventional limb leads on patients under- 
going cardiac operations. In these cases 
the electrocardiogram was monitored for 
at least 24 hours, and it was particularly 


important that the electrodes function prop- 
erly while the patient was draped and 


electrodes were inaccessible. The fluid elec- 
trodes remained firmly attached and func- 
tioned properly on all patients undergoing 
cardiac operation; the tracings showed 
distinctly less ‘“‘noise’’ than had been seen 
when standard electrodes were used. Straps 
or tape used to hold conventional electrodes 
may interfere with administration of in- 
travenous fluids on these or other patients 
undergoing operation; use of the fluid 
electrodes eliminates this difficulty. In other 
applications the fluid electrodes might be 
used with conventional precordial leads to 
record serial electrocardiograms on patients 
with myocardial infarction, arrhythmias, 
or other conditions in which it might be 
desirable for electrodes to remain in place 
for 3 or more days. 


Summary 


The construction of a fluid electrode 
and the method for adhering the electrode 
to skin is described in detail. The electrode 
is atraumatic, not encumbering, and re- 
mains attached to the skin for long periods 
of time during strenuous activity. It was 
demonstrated that the electrical signal 
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picke.. up by the electrode is not distorted 
appre-iably by movement of skin beneath 
the «.ectrode or by direct blows to the 
electrode. 

Equivalent electrocardiograms are ob- 
tained with fluid and standard electrodes 
using conventional leads on subjects at rest. 
It is suggested that the fluid electrodes 
used with conventional leads may have 
application for monitoring the electrocar- 
diogram in unusual circumstances, for ex- 
ample, on patients during and after cardiac 
operations. 

When fluid electrodes are used on the 
precordium, electrocardiograms showing 
good electrocardiographic complexes during 
vigorous physical activity are obtained. 
Use of precordial fluid electrodes for de- 
termining pulse rates during various activi- 
ties and/or for prolonged periods of time 
is described. Other possible applications for 
the precordial fluid electrodes are suggested. 
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Sarcoid of the myocardial septum 
with complete heart block 


Report of two cases 


Arthur O. Phinney, Jr., M.D.* 
Hariford, Conn. 


he sudden onset of syncope due to 

complete heart block or aberrant ven- 
tricular conduction in patients who previ- 
ously were reported to be entirely well im- 
poses an intriguing challenge for the clin- 
ician. In.the majority of patients in the 
older age group these arrhythmias are 
seen usually in hypertensive, rheumatic, 
and especially in arteriosclerotic heart 
disease. A diagnosis of Boeck’s sarcoid 
involving the heart is rarely made during 
life. Since the 29 cases of myocardial sar- 
coid compiled and reviewed by Peacock,} 
there have been several more reports of 
sudden death in patients with sarcoidosis 
in whom nodular infiltrates strategically 
located in the myocardial septum resulted 
in the death of the patient.?-? The present 
two cases represent previously unsuspected, 
fulminating disease of the myocardial 
septum in two patients in the older age 
group who at autopsy had relatively insig- 
nificant sarcoid involvement elsewhere in 
the body. They had lived less than a mile 
apart most of their lives, had been pre- 
viously in excellent health, were admitted 
to the hospital and died within 2 weeks 
of each other. 


Case reports 

Case 1. M. M., a 51-year-old white housewife 
who was known to be hypertensive, but who had 
no history of rheumatic fever, diphtheria, or syphilis, 
was admitted to the hospital with a 4-day history 
of syncopal attacks. After the ‘‘flu,” 3 months previ- 
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ously, she had had one episode of syncope without 
neurological sequelae, but there were no subsequent 
attacks until 3 weeks before admission, when she 
again fainted, without warning; she awakened sec- 
onds later and was aware of a facial flush, but no 
headache, palpitations, or chest pain. There had 
never been a history of chest pain, cough, or exer- 
tional dyspnea, although she slept on two pillows 
and had noted some ankle edema for the past year. 
During the 4 days prior to admission the syncopal 
attacks had increased in frequency, but recovery 
from each episode had been complete, and she con- 
tinued to feel as well as usual. A blood pressure 
reading taken by another physician earlier in the 
month was recorded as 160/95 mm. Hg; the pulse 
at that time was regular at 90 per minute. The 
patient had been obese for many years, had had 
four pregnancies which were uneventful, except 
for the second, during which there was some question 
of “toxemia.” 

Physical examination revealed an obese woman 
who was comfortable. The blood pressure was 
175/65 mm. Hg; pulse was 40 and regular. There 
was venous distention in the neck up to the angle 
of the jaw at 30 degrees supine, and definite though 
irregular cannon or giant atrial waves could be seen. 
The carotid pulsations were collapsing but small. 
Fundi were normal. Diaphragmatic excursion was 
poor, and there was some decrease in breath sounds, 
with a few fine rales in the left lower lung field. 
The heart was slightly enlarged to the left, with a 
bradycardia at 40 per minute, and definite variation 
in the intensity of the mitral first sound. A Grade 2 
systolic, ejection type of murmur was present at 
the base and heard at the apex, poorly referred to 
the neck. The second pulmonic sound was slightly 
accentuated and normally split. There were no 
organs or masses palpable in the abdomen, and 
there was some brawny edema of the feet. 

LABORATORY EXAMINATION. Hemoglobin was 13 
Gm. Hematocrit was 44 per cent. The white blood 
cell count was 8,500, with slight shift to the left. 


*Staff, Cardio-Respiratory Laboratory, and Physician, Hartford Hospital, Hartford, Conn. 
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Fig. 1. Case 1. X-ray films of the chest, showing 
congestion of the lung fields, marked prominence 
of the hilar areas, and large flocculent areas of in- 
creased density behind the heart in the lateral view. 


Blood sedimentation rate was 30 mm./hr. VDRL 
was negative. Blood urea nitrogen was 21 mg. per 
cent. Urinalysis was negative. Three serum trans- 
aminases were normal. Sodium was 140 mEq./L.; 
potassium, 4.1 mEq./L.; chloride, 97 mEq./L.; 
carbon dioxide, 29 mEq./L. Sputum culture showed 
normal flora 2+, pneumococci 4+; sputum was 
Negative on smear and culture for acid-fast bacilli. 
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PPD was #1 negative. Serum protein was 7.2; 
albumin, 4.1; globulin 3.1. 

Chest x-ray examination showed some congestion 
in the lung fields, with unusually prominent hilar 
structures and a small wedge-shaped area of pneu- 
monitis extending into the right base. There were 
several flocculent densities behind the heart in the 
lateral view. The cardiac silhouette was globular 
in contour, and the right atrium was prominent. 
There was no fluid in the pleural spaces (Fig. 1). 

The electrocardiogram recorded at the time the 
patient was admitted to the hospital showed third- 
degree heart block with idioventricular rhythm 
at a rate of 40 (Fig. 2, left). 

HOSPITAL COURSE. The patient was placed on 
coronary precautions and treated with bed rest, 
Mercuhydrin, tetracycline, and mild sedation. She 
ran a remittent fever to 100.6° F. daily around 
noon, and diuresed 7 pounds in the first week. 
Her electrocardiogram showed reversion to sinus 
rhythm at 85 per minute, with frequent premature 
contractions and left bundle branch block (Fig. 
2, right). She appeared to be comfortable and was 
asymptomatic during laboratory studies and the 
recording of subsequent electrocardiograms. Her 
condition appeared to be satisfactory, and she was 
digitalized slowly and put on a low-sodium diet. 
Although she had had no chest pain, septal infarc- 
tion was considered to be a possibility which might 
explain the changes in the electrocardiograms, and 
for this reason she was placed on anticoagulants. 

She had no further episodes of syncope until the 
thirteenth hospital day, when she complained of 
feeling weak and dizzy and slightly nauseated. 
Blood pressure was not obtainable and her pulse 
was 24. She was deeply cyanotic, out of contact, 
and gasping for breath, with a whitish froth about 
the mouth. Sublingual Isuprel had had no effect. 
When the cardiac pacemaker was applied, the pulse 
and respiration returned immediately; and when 
withdrawn, the heart assumed an _ idioventricular 
rhythm with a rate of 38 per minute. The electro- 
cardiogram was identical to that taken at the time 
of her admission to hospital. Her color returned to 
normal within 1 minute, and she responded in 
about 10 minutes. She was then given 0.3 c.c. of 
1:1000 adrenaline and 10 mg. of sublingual Isuprel. 
An hour later the patient was alert and responsive 
and appeared to be entirely normal. She was placed 
on 50 mg. of ephedrine, which was alternated with 
10 mg. of Isuprel sublingually every 2 hours, and 
her pulse became full and regular but at a rate of 
30 per minute. Three hours after the initial episode 
she again lost all blood pressure and pulse, and her 
respiration ceased. The pacemaker was applied, 
but there was no response. Intracardiac adrenaline 
was given, with no response, and she expired 
quietly. 

PATHOLOGY. Autopsy was limited to the chest. 
The heart was somewhat enlarged and _ focally 
involved by very small, firm, homogeneous gray- 
white nodules, which were especially prominent in 
the septal area, and which in the upper portion 
coalesced to form a solid mass in the region of the 
conduction bundle (Fig. 3). There was some pul- 
monary congestion but no pleural effusion. Pleural 
surfaces and lymph nodes of the lung were also 
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Fig. 2. Case 1. Left: Electrocardiogram taken at the time the patient was admitted to the hospital, showing 


complete heart block with idioventricular rhythm; atrial rate 88, ventricular rate 36. Right: Spontaneous re- 
version after 4 days to sinus rhythm with left bundle branch block. 


involved by these small plaques of gray-white tissue, 
tending to be flat in outline, and proving on micro- 
scopic section to be sarcoid. No caseation was pres- 
ent, and no acid-fast bacilli or fungi were found. 

Case 2. J. P., a 76-year-old white housewife, 
had been in perfect health while working 5 days 
a week and taking in laundry besides. Six and 3 
days prior to her admission to the hospital she had 
syncopal attacks without warning; these attacks 
were followed by a flush but no headache, palpita- 
tion, chest pain, nor dyspnea. On the day of admis- 
sion there had been a succession of episodes of 
unconsciousness; these had resulted in falls which 
produced several bruises of the face, arms, and legs. 
There was no history of head injury, convulsions, 
diabetes, or hypertension. 

On physical examination, the blood pressure was 
220/70'mm. Hg. She had a regular pulse of 40 per 
minute. She appeared to be in no distress and even 
protested examination. She was obese, had a sallow 
complexion, but was not cyanotic. Fundi showed 
Grade II arteriosclerotic changes. There were can- 
non atrial waves which could be seen easily in the 
neck, but no venous distention. A few crackling 
rales were heard at the right base posteriorly. There 
was no cardiomegaly. A Grade 3, high-pitched, 
pansystolic apical murmur could be heard, referred 
to the axilla. The second pulmonic sound was not 
accentuated, and there was a third heart sound at 
the apex, but no diastolic murmur. The liver was 


palpable one fingerbreadth, and there was no periph- 
eral edema. 

LABORATORY EXAMINATION. Hemoglobin was 10.0 
Gm. Hematocrit was 37 per cent. White blood cell 
count was 10,000, with normal differential. Two 
serum transaminases were normal. Urinalysis 
showed: 1.019, 3+ protein, 2+ white blood cells. 
Sodium was 132 mEq./L.; potassium, 7.2 mEq./L.; 
chloride, 98 mEq./L.; carbon dioxide, 23 mEq./L. 
Total protein was 6.2 Gm. per cent; albumin, 3.1; 
globulin, 3.1. 

The electrocardiogram taken at the time the 
patient was admitted to the hospital showed third- 
degree heart block with premature ventricular con- 
tractions which occurred at times as_bigeminal 
rhythm (Fig. 4). 

HOSPITAL CoURSE. In view of her age and the 
sudden onset of symptoms, and despite the lack 
of chest pain, the patient was treated for a myo- 
cardial infarction. Because of her syncopal episodes, 
she was started on ephedrine, 25 mg., and sublingual 
Isuprel, 10 mg., alternating at 3-hour intervals. 
Her pulse varied between 32 and 40, and her blood 
pressure dropped to 140/40 mm. Hg, but she felt 
well and experienced no chest pain. An increase in 
the Isuprel to 20 mg. every 6 hours, alternated 
every 3 hours with 25 mg. of ephedrine, produced 
no increase in heart rate or side reaction. On the 
fifth hospital day she had a sudden episode of 
asystole which did not respond to adrenaline. There 
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Fig. 3A. Case 1. Gross pathologic specimen, showing 
the cavity of the left ventricle, aortic valve, and 
septum on the left. Note the lighter shaded tongue 
of sarcoid in the upper portion of the septum. 


was a rapid succession of three subsequent episodes - 


of ventricular standstill which responded to percus- 
sion of the chest, and at this time the cardiac stimu- 
lator was applied, since it was thought that the 
patient might have a septal infarction. She was 
given 100 mg. of hydrocortisone intravenously, 
adrenaline, molar lactate, Demerol, and oxygen. At 
first she appeared to respond, with spontaneous 
ventricular activity taking over after the pacemaker 
was stopped. But after 2 hours it was apparent that 
the poststimulation T waves had flattened, and 
there was at last no spontaneous ventricular ac- 
tivity after the stimulator was withdrawn. The P 
waves, however, continued alone for a considerable 
time, with occasional bizzare ventricular ectopic 
contractions, and she expired quietly. 

AuTopsy. There was no excess fluid in the peri- 
cardial sac, and the pericardium showed no ad- 
hesions. The heart weighed 450 grams. It was 
hypertrophied and dilated. The right ventricle 
measured 0.2 cm., the left ventricle, 1.2 cm. The 
myocardium was particularly peculiar in that the 
septum itself had been almost completely replaced 
by a whitish, homogeneous firm tumor tissue which 
appeared to extend the width of the septum, and 
into a small part of the left ventricular wall at the 
apex. On microscopic section t*‘s tissue proved to 
be sarcoid (Fig. 5). There was also a small infiltra- 
tion about the left circumflex coronary artery in the 
epicardium. There was an old occlusion of the 
anterior descending branch of the left coronary. 
All the heart valves were unremarkable. There was 
no evidence of emboli or recent infarction. The 
pleural surfaces of the lungs were smooth and glisten- 
ing, without evidence of adhesions, but there were 
numerous white implants, the largest of which meas- 
ured 2 cm. over the right lung. There was some 
edema and atelectasis of the lower lobes bilaterally, 
and some parenchymal implants of the tumor also. 
Several hilar nodes which contained tumor tissue 
were present. The capsule of the spleen was thick- 
ened with a whitish, firm fibrous tissue, and was 
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dark red in color, with pale tan nodules within the 
parenchyma. The gastrointestinal tract, pancreas, 
and kidneys were unremarkable. The liver had 
yellow-white nodules throughout the parenchyma 
similar to those in the spleen, and the capsule was 
mottled with white speckles of tumor. There was 
an adrenal cortical adenoma. The brain was sym- 
metrical, with slight atherosclerosis of the cere- 
bral vessels and no focal lesions. 


Comment 


Both patients were treated initially as 
though they had had myocardial infarc- 
tions. In the first case, sarcoid was sus- 
pected only after the patient became well 
enough to risk having a chest film made, 
and the features of her history and hospital 
course appeared unusual for coronary dis- 
ease. Her electrocardiogram showed rever- 
sion to normal sinus rhythm after 4 days, 
although no steroids had been used. Im- 
mediate treatment of her heart block was 
imperative, and in spite of large doses 
of ephedrine, Isuprel, and adrenaline there 
was not an adequate ventricular response. 
In the second case the suspicion of sarcoid 
was academic in view of her fulminating 
course and complete lack of response to all 


Fig. 3B. Case 1. Septal myocardium. Microscopic 
section through the superior portion of the bundle 
of His which is now completely infiltrated with 
granulomata typical of sarcoid. 
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Fig. 4. Case 2. Electrocardiogram showing (at top) complete heart block; 
atrial rate 98, ventricular rate 36. Bottom: Lead II tracings depict idioventricu- 
lar rhythm with widened QRS, ventricular standstill with continuing P waves, 
ventricular contractions on the pacemaker with resumption of spontaneous 
ventricular activity, and, finally, recurrent ventricular arrest with persistent 
atrial activity while on the pacemaker. Note that the poststimulation T waves 


(arrow) have diminished markedly. 


available therapeutic measures. There was 
little time for x-ray examination or diag- 
nostic studies. Although the diagnosis of 
myocardial sarcoid was again suspected 
from the obvious similarity to the hospital 
course of the previous patient, confirmation 
at autopsy was still surprising. 


There was a notable lack of response to 
all the usual cardiac drug stimulants. On 
the pacemaker she appeared to do well at 
first, and spontaneous ventricular rhythm 
resumed after short periods of stimu- 
lation (Fig. 4). Soon it became necessary 
to increase the voltage of the stimulator 


== 


Volume 62 
Numbs 2 


Fig. 5A. Case 2. Pathologic specimen. Cut sections 
through the myocardial septum, showing almost 
complete replacement of myocardium with the pale 
tan, fibrous-like infiltration. 


markedly in order to obtain any ventricu- 
lar response, and it was noted that even 
with contraction the poststimulation T 
waves became less and less prominent. It 
was interesting that the P waves continued 
unabated both during ventricular activity 
and long after it had stopped. There was 
an occasional bizzare ventricular complex, 
but no conducted beats. 

The striking features of these cases were 
the specificity of sarcoid involvement of 
the highly specialized conduction bundle in 
the ventricular septum, with minimal sar- 
coid lesions found elsewhere at postmortem. 
It is a wonder, in view of the pathologic 
specimens, that any transmission of im- 
pulses had been possible through the ven- 
tricular septa of these two patients, be- 
cause the width of the superior part of the 
septal myocardium was almost completely 
replaced by sarcoid tissue. It was also 
quite remarkable that both patients had 
been apparently well as few as 5 days be- 
fore hospitalization, and followed each 
other so closely in almost identical courses. 
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Furthermore, they both suffered from what 
has been considered to be a rather rare 
manifestation of a moderately common ; 
systemic disease. 

Of the 29 cases of myocardial sarcoid 
reviewed by Peacock and associates, 15 
either were described as Stokes-Adams dis- 
ease or showed clinical evidence of heart 
block.! Longcope and Freiman® have previ- 
ously cited the incidence of myocardial 
involvement in 92 autopsied cases as 20 
per cent. It has become recognized with 
increasing frequency, however, that in 
those patients in whom death has been due 
to sarcoid, the heart frequently is found to 
be infiltrated by the nodular, tubercle-like 
lesions. As evidence of this involvement, 
tachycardias, ventricular extrasystoles, and 
other cardiac arrhythmias in addition to 
heart block have been reported.! The dura- 
tion of clinical sarcoidosis before death 
due to myocardial involvement has been 
sited as varying between 3 months and 
15 years,!:°!° and the diagnosis of myo- 
cardial involvement has usually been made 
at autopsy. 


Fig. 5B. Case 2. Microscopic section through the area 
seen in Fig. 5A, showing replacement of the bundle 
by sarcoid granulomata. 
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The absolute unpredictability of involve- 
ment of organs is well known, in that some 
patients have severe involvement of one 
organ system with complete absence of 
lesions in another. In the majority of cases 
reported, with or without heart block, there 
has usually been extensive infiltration of 
sarcoid into the myocardium, involving the 
left ventricle, septum, apex, papillary mus- 
cles, and including diffuse miliary sarcoid 
granulomata throughout the myocardium 
and epicardium.!!- 

These two cases bear the greatest resem- 
blance to the case reported by Simpkins,!° 
in which the largest patch involved the 
entire thickness of the septum in the region 
of the atrioventricular bundle. They are 
unique from other cases in the literature, 
however, in that the myocardial involve- 
ment of these two cases was almost ex- 
clusively septal, and miliary implants in 
other organs were not extensive. It was 
obvious from the autopsy studies that had 
the nodular infiltrations of sarcoid not 
involved the heart so strategically, both 
patients might have been well for some 
’ time to come. In addition, experience with 
therapy here has been similar to the general 
experience reported with myocardial sar- 
coid, in that the outcome was rapidly fatal 
in spite of known therapy, including 
steroids. 


Conclusions 


Two cases of myocardial sarcoid with 
complete heart block have been reported; 
they were unique in that involvement was 
limited almost exclusively to the septum, 
and remarkable in the coincidence that 
both patients had been well as few as 5 
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days before hospitalization, and followed 
identical rapidly fatal courses within 2 
weeks of each other. 


I wish to thank Dr. George McAdams for his 
help with the slides of the pathologic specimens. 
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Review 


Borje Uvndas, M.D. 
Stockholm, Sweden 


he subject of vasodilator nerves is a 
facet of circulatory physiology which 
stands in some need of clarification. Although 
current textbooks contain fairly definite 
statements and elaborate schemata on vaso- 
dilator nerves and their functional signi- 
ficance, close scrutiny reveals these de- 
scriptions to be of doubtful validity. In 
the first place, they are frequently based 
on assertions contained in a few early 
papers and reiterated, more or less un- 
critically, throughout several decades. The 
most frequently cited of these papers are 
from the turn of the century. 

All early studies and several recent ones 
are based on plethysmography and other 
indirect methods of recording blood flow. 
Some of the confusion which prevails within 
the vasodilator field is undoubtedly due to 
misinterpretation of results obtained by 
these means. Authors have not always 
taken into consideration the fact that a 
vasodilator response initiated via nerves 
does not prove the existence of a vasodilator 
nerve. Vasodilatation can be due to in- 
hibition of prevailing vasoconstrictor tone 
(e.g., via baroceptor activation or local 
reflex arcs), or it can be secondary to 
metabolic processes in an activated organ 
(e.g., a gland or muscle). 

The belief in authorities and the con- 
sequent perpetuation of old arguments, as 
well as the use of outmoded techniques of 
recording, have retarded development 
within the vasodilator field as compared with 
that in other areas of circulatory physiology. 
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From the Department of Pharmacology, Karolinska Institutet, Stockholm, Sweden. 


However, recent years have brought some 
progress, and although our knowledge is 
still too fragmentary to permit definite 
statements on the functional significance 
of recently acquired data, a few remarks 
may be justified. They should be regarded, 
however, as an expression of personal views 
and not as finally valid. 


General remarks on 
vasomotor innervation 


It is interesting to note that all assertions 
in regard to the vasodilator nerves and 
their function have been made despite the 
fact that—in so far as I am aware—no 
vasodilator fiber or vasodilator nerve im- 
pulse has yet been anatomically or electro- 
physiologically identified. Vasodilator fibers 
in nerve trunks are intermixed with other 
fibers, somatic or autonomic, and cannot 
be isolated by the techniques available. 
Presumably, they belong to the thin un- 
myelinated fibers, but this fact does not 
serve to facilitate their identification. Ex- 
perimental evidence concerning the exis- 
tence of vasodilator nerves is thus indirect; 
conclusions are drawn principally from 
vasodilator responses elicited by stimula- 
tion of peripheral mixed nerves. Recently, 
vasodilator responses have been induced 
by topical stimulation of vasodilator path- 
ways in the brain and by reflex activation 
of vasomotor structures in conscious ani- 
mals and in man. The validity of the 
conclusions drawn from these experiments 
will be discussed below. 
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Skeletal 
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SYMPATHETIC VASODILATOR NERVES 
= = — — SYMPATHETIC VASOCONSTRICTOR NERVES 
PARASYMPATHETIC VASODILATOR NERVES 


AFFERENT FIBERS, CAPABLE OF ANTIDOROMIC 
VASODILATOR IMPULSES 


Fig. 1. Vasomotor innervation in different areas. 


The vasoconstrictor nerves form, ana- 
tomically and functionally, an extensive 
and well-integrated part of the vasomotor 
innervation. A centrally governed vaso- 
constrictor outflow covers the entire periph- 
eral vascular bed and regulates, via a 
continuous flow of impulses, the tone of the 
resistance and capacitance vessels.! Central 
or spinal vasomotor reflexes bring about 
changes in vasoconstrictor tone and con- 
sequent alterations in peripheral resistance 
and blood flow. Practically all known 
vasodilator reflexes, as will be seen, result 
from inhibition of vasoconstrictor tone. 

The vasodilator nerves constitute neither 
anatomically nor physiologically a homo- 


geneous group. They are conventionally 
divided into three main groups: the sym- 
pathetic, the parasympathetic, and_ the 
dorsal-root vasodilator fibers. They in- 
nervate certain restricted vascular areas, 
which thus have a dual vasomotor in- 
nervation, vasoconstrictor and vasodilator 
(Fig. 1). Some vessels, such as those in 
cutaneous and splanchnic regions, appar- 
ently lack centrally controlled vasodilator 
nerves; at least, the evidence of a vaso- 
dilator innervation to those areas is not very 
convincing.2 The vasodilator nerves, 10 
contrast to the vasoconstrictor nerves, have 
no common integrating structures in the 
central nervous system. The dorsal-root 
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vasod:'ator fibers have, on the whole, no 
functional connections with the central 
nervo.s system.**4 


Sympathetic vasodilator nerves 


According to current literature, sym- 
pathetic vasodilator nerves in cats and 
dogs are distributed to skeletal muscles, 
facial muscles, and the buccal mucosa, 
to the coronaries of the heart, the in- 
testines, and certain areas of skin, such 
as the ear of the dog.’ In man, sympathetic 
vasodilator nerves have been discussed 
mainly in connection with the skin and 
skeletal muscles.®-§ As regards the chemical 
transmission of vasodilator impulses, the 
sympathetic vasodilator nerves have been 
thought to be adrenergic, cholinergic, and 
noncholinergic.® 

Accumulated data now indicate that 
peripheral distribution of sympathetic vaso- 
dilator nerves is much simpler than was 
previously assumed. In a series of investi- 
gations, Swedish workers found cogent 
evidence of the distribution of such nerves 
to the skeletal muscles only (in cats 
and dogs). Furthermore, the results pointed 
to acetylcholine as the sole transmitter 
of sympathetic vasodilator effects.? This 
finding promoted the development of 
their studies, because it became possible to 
distinguish between vasodilatation due to 
activation of vasodilator nerves and vaso- 
dilatation due to inhibition of vasocon- 
strictor tone: the former type was blocked 
by atropine but the latter remained unin- 


Table 1. Remarks on the physiology of the dual 


(in dog and cat) 
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fluenced. Sympatholytics (as well as reser- 
pine, which empties the vasoconstrictor 
nerves of their transmitter substance, 
noradrenaline) abolished vasoconstrictor 
tone, and thus vasodilatation due to its 
inhibition, but not vasodilatation due to 
vasodilator impulses (Table 1). Of course, 
such a pharmacologic analysis is far from 
ideal, but in the absence of electrophys- 
iologic or other means of identification it 
must suffice. 

Now that a way had been found to 
identify vasodilator effects due to activa- 
tion of sympathetic vasodilator nerves, 
it was possible to study the latter’s repre- 
sentation in the central nervous system. 
In a series of investigations the intra- 
cerebral course of a sympathetic vasodilator 
pathway was traced. Originating from the 
motor cortex, it passed via the hypo- 
thalamus and the collicular region through 
the ventrolateral part of the medulla 
oblongata down to the spinal lateral 
horns!°-? (Fig. 2). The vasodilator tract 
appears to have relay stations, at least 
in the hypothalamus and the collicular 
region, since neither chronic decortica- 
tion® nor chronic supracollicular decere- 
bration" abolish vasodilator responses due 
to hypothalamic and bulbar stimula- 
tion. Of particular interest in the further 
discussion is the fact that the medullary 
part of the outflow has no demonstrable 
anatomic and functional connections with 
the previously elucidated vasomotor struc- 
tures in the rhomboid fossa.'* Stimulation 
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Postganglionic fibers adrenergic 
Exert a tonic influence on the vascular bed 


Increase in activity yields vasoconstriction, de- 
crease vasodilatation 


Vasodilatation blocked by sympatholytics and 
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Depressor reflexes evoke vasodilatation due to 
vosoconstrictor inhibition 


Vasodilatation due to vasoconstrictor inhibition leads 
to increased uptake of oxygen in skeletal muscles 
of anesthetized cat 


Postganglionic fibers cholinergic 
Exert no tonic influence on the vascular bed 


Increase in activity yields vasodilatation 


Vasodilatation enhanced by eserine, blocked by 
atropine 

Depressor reflexes do not activate vasodilator 
nerves 

Vasodilatation due to vasodilator activation leads to 
decreased uptake of oxygen in skeletal muscles of 
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Fig. 2. See text. 


of the vasodilator tract in its medullary 
part elicits only ipsilateral vasodilator re- 
sponses, whereas collicular and supracol- 
licular stimulation of the tract yields 
bilateral responses. This observation sug- 
gests that the collicular region is the 
lowest integrative area in the sympathetic 
vasodilator outflow. 

Up to this: point the investigation had 
yielded clear-cut results. In the cat and the 
dog had been found a corticospinal vaso- 
dilator tract sending, via the sympathetic 
outflow, cholinergic vasodilator nerves to 
the skeletal muscles. But the main question 
remained. What function could be ascribed 
to this vasodilator unit? 

Attempts were made to demonstrate 
participation of the vasodilator nerves in 
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various general and local vasodilator re- 
flexes (e.g., baroceptor activation, stimula- 
tion of sinus nerves, depressor nerves, af- 
ferent nerves, and the medullary depressor 
area, elicitation of the Bezold-Jahrish reflex, 
etc.). These efforts were in vain. No vasodi- 
lator activation was observed to occur. 
Closer study of the vasomotor responses, 
obtained on activation of the sympathetic 
vasodilator outflow by stimulation of the 
hypothalamus in cats, revealed certain 
facts.!'--15 Vasodilator responses were con- 
fined to the skeletal muscles. On supra- 
bulbar stimulation, vasodilatation occurred 
in the muscles of all four extremities. The 
blood flow usually increased to 3 or 4 
times the basal level. But concomitant 
recording of the blood flow in other vascular 
areas, such as cutaneous and splanchnic 
regions, disclosed vasoconstriction there. 
In other words, there was a redistribution 
of blood from skin and splanchnic areas 
to the muscles. It was usually accompanied 
by an increase in the heart rate. (More 
recently, it has been shown that augmenta- 
tion of the contractile force of the heart 
may occur.!®) Furthermore, the vasomotor 
reaction in many of the cats was associated 
with mydriasis, baring of the teeth, spit- 
ting, etc.!® The cardiovascular adjustments 
and the other autonomic and_ somatic 
responses elicited by stimulation of the 
hypothalamus seemed to suggest that the 
vasodilator activation forms part of a 
reaction pattern characteristic of anger, 
fright, and other ‘‘emergency situations” 
which demand increased physiologic effort. 
A similar conclusion was recently arrived 
at.!7 In anesthetized cats the vasodilator 
area in the hypothalamus was localized 
with a stimulating electrode. When the 
cats regained consciousness, the stimulation 
was repeated with the electrode still in 
place. This provoked spitting, snarling, 
and other manifestations typical of an 
angry or frightened cat. In unanesthetized 
cats, isolated in a soundproof room, a non- 
conditioned acoustic or nociceptive stimu- 
lus caused an increase in the temperature 
of the blood in the femoral vein. This was . 
thought to reflect an increased flow of 
blood in muscles. Thus, it was concluded 
that the activation of the sympathetic 
vasodilator outflow was part of a defense 
reaction, integration of which was con- 
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trolled by a hypothalamic defense center. 
Vasodi'ator reactions have been observed 
to occur in the skeletal muscles of human 
beings in response to psychic stress (dif- 
ficult a:ithmetic, alarming reports, startling 
sounds, etc.).18!® Such responses were re- 
ported disappear after atropine."*® 

Ascribing to the sympathetic vasodilator 
outflow a functional role in emergency and 
other emotionally tinged reactions accords 
with the current view of the hypothalamus 
as a relay station which integrates the 
autonomic and somatic responses which 
occur in various affective reaction patterns. 
Pending more conclusive data, however, 
any interpretation must be tentative. The 
structure of the hypothalamus is complex, 
and stimulation with electrodes is apt 
to activate many neurons which may not be 
functionally related. No ‘‘emergency re- 
sponses” were seen in dogs in which the 
hypothalamus was stimulated, although 
perhaps the corresponding neurons were 
blocked by the anesthesia.!® In any event, 
it seems unlikely that the functional signi- 
ficance of the vasodilator outflow is limited 
to emotional behavior reactions. The repre- 
sentation in the motor cortex as well as 
the selective distribution to the skeletal 
muscles raise the question whether or not 
the vasodilator fibers are concerned in 
muscular activity as such. It is assumed, for 
instance, that initial and even anticipatory 
circulatory readjustments occur with mus- 
cular exercise. However, that muscular 
exercise does not require vasodilator 
nerves is indicated by the fact that no 
impairment of blood flow in muscles 
or of working capacity has been observed 
after sympathectomy. 

Further speculation in regard to the 
functional significance is rather pointless, 
I think, until we ascertain the real meaning 
of the vasodilator responses. Where do the 
vasodilator impulses act? Do they open up 
capillaries or shunts? In order to settle 
these questions the influence of changes in 
blood flow on the clearance of radioactive 
material from an intramuscular depot (in 
cat gastrocnemius) was investigated.”° Re- 
duction and augmentation of blood flow 
by mechanical, nervous, and pharmacologic 
means caused, with one exception, cor- 
responding qualitative changes in the clear- 
ance of radioactive isotopes. Increase in 
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blood flow due to activation of the sym- 
pathetic vasodilator outflow was not ac- 
companied by any increase in radioiodide 
clearance. It remained unchanged. If any 
conclusion is justified by these clearance 
studies, it is that the vasodilator nerves 
do not open up new capillaries; for if they 
did so, the clearance should have increased. 
It could be that the increased blood flow 
was directed through some kind of shunt 
flow. 

Whether or not arteriovenous shunts 
occur in the muscles has long been debated. 
Thinking that concomitant recording of 
blood flow and oxygen consumption might 
bring to light some new considerations, 
we calculated oxygen uptake in skinned 
hind limbs of cats from the difference 
between the arterial and venous oxygen 
saturations, as well as the blood flow.”! 
To our surprise, the increase in blood flow 
produced by vasodilator activation led to 
a diminished uptake of oxygen. On the 
other hand, a corresponding increase in 
blood flow induced by vasoconstrictor in- 
hibition was followed by an elevated up- 
take of oxygen. It is not easy to interpret 
these findings. The decrease in uptake of 
oxygen during vasodilator activation could 
signify either a reduction in the metabolic 
requirement for oxygen in the muscles or 
interference with the diffusion of oxygen 
to the muscle. Since we have no experi- 
mental evidence in favor of the first al- 
ternative, the second seems more acceptable. 
Here again various possibilities must be 
considered. The blood may be diverted 
from capillaries to paracapillary vessels 
that provide less opportunity for diffusion 
of oxygen. Although arteriovenous an- 
astomoses have been directly observed in 
skeletal muscles, it is doubtful whether 
they play a significant role in muscular 
blood flow. Not even under activation 
of the sympathetic vasodilator nerves do 
more than a percentage or so of spheres 
with a diameter of 20 uw pass through a 
muscle.” The calibers of shunts, if they 
exist, should not be appreciably different 
from those of true capillaries. A shift in the 
capillary flow with a reduced transcapillary 
distance or an accelerated linear velocity 
of the blood could serve to reduce diffusion 
of oxygen. An observation which may be 
useful in this context is that vasodilator 
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activation is accompanied by reduced up- 
take of oxygen even in reserpinized animals 
—when, in other words, the vasoconstrictor 
outflow is defunctionalized because of a 


lack of a vasoconstrictor transmitter. There- — 


fore, the increase in the intramuscular blood 
flow must be ascribed solely to vasodilator 
activity. In the light of available data it 
seems reasonable to assume that the re- 
duced uptake of oxygen during vasodilator 
activity is due to the opening up of shunts— 
anatomic or physiologic—in the muscles 
or to a yet undefined shift of blood flow 
within the capillary bed. 

The increase in uptake of oxygen during 
vasoconstrictor inhibition, having been 
rather unexpected, calls for some comment. 
It is presumably attributable to the fact 
that the skeletal muscles in an anesthetized 
animal are partially anoxic. That there is 
a slight production of lactic acid is evi- 
denced by the augmented content of lactic 
acid in the venous outflow. Opening up 
of the capillary flow by vasoconstrictor 
inhibition remedies the prevailing oxygen 
deficit, as manifested by an _ increased 
uptake of oxygen. 

The preceding observations on radio- 
active clearance and uptake of oxygen 
in the muscles have been treated in some 
detail, since they represent, in effect, the 
first attempts to elucidate the functional 
significance of vasodilator impulses. Al- 
though the findings do not, unfortunately, 
afford much insight into the part played 
by the sympathetic vasodilator nerves, 
they do indicate that vasodilator nerves 
may serve specific purposes in the in- 
nervated organs. 

Even with maximal activation of the 
sympathetic vasodilator outflow the in- 
crease in muscular blood flow amounted 
to only 4 or 5 times the basal level, seldom 
more. A maximal opening up of the capillary 
bed in a resting muscle ought to result in a 
considerably greater flow of blood. 

When the vasodilator response in the 
muscles was blocked by atropine, a pre- 
viously hidden vasoconstriction not infre- 
quently appeared. This was indicated by a 
decrease in muscular blood flow. And in 
accordance with this observation we noticed 
in some of our clearance experiments that 
sympathetic vasodilator activation not only 
did not cause any increase in clearance, 
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but in some experiments actually reduced 
it. Furthermore, activation of the vasodila- 
tor outflow by hypothalamic, mesencephalic, 
or medullary stimulation led to a con. 
comitant discharge of adrenaline in amounts 
great enough to have metabolic effects, 
In fact, an increased output of lactic acid 
was observed in the venous blood from 
the skeletal muscles. 

Whether this pattern of response to 
intracerebral stimulation has any _ physi- 
ologic significance is quite obscure, but at 
a recent symposium I could not resist the 
temptation to suggest that activation of 
the sympathetic vasodilator outflow might 
be part of a reaction pattern elicited in 
situations in which, for one reason or 
another, the animal has to conserve its 
resources of oxygen.”** 

The hemodynamic consequences of the 
vasodilator activity need to be discussed. 
A general vasodilator activation in the 
skeletal muscles causes a considerable de- 
crease in the total peripheral resistance 
in the circulatory bed. This is compensated 
by the concomitant vasoconstrictions in 
the skin and splanchnic regions. If such 
compensatory vasoconstrictions are inter- 
fered with, vasodilator activation is ac- 
companied by a fall in blood pressure. And, 
on the other hand, if the vasodilator 
responses are abolished by atropine, no 
pressure effect appears. It is conceivable, 
therefore, that vasodilator activation may 
serve as a stabilizing and compensatory 
hemodynamic factor in circumstances in 
which intense activation of sympathetic 
adrenergic outflow to the heart and _ the 
vascular bed would lead to an undesirable 
rise in blood pressure. Such a situation 
may occur in the initial stage of, or antici- 
patory to, muscular exercise. The output 
of the heart increases abruptly, and vaso- 
constriction is supposed to occur in cu- 
taneous and splanchnic areas simultaneously 
with emptying of the blood reservoirs and 
the capacitance vessels. Unless some low- 
resistance channels are opened up, an 
increase in circulatory volume of the output 
of the heart and in the peripheral resistance 
will lead to a rise in blood pressure. The 
vasodilator nerves might serve as modera- 
tors of the peripheral resistance in the 
muscular circulation during the initial stage 
of muscular activity. This and other sug- 
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gestions as to the functional significance 
of the sympathetic vasodilator nerves to 
the skeletal muscles are, so far, purely 
specule tive. 

The sympathetic outflow to the heart 
is thought to contain vasodilator fibers 
to the coronaries.’ There is little experi- 
mental evidence to support this assump- 
tion, which is based mainly on the observa- 
tion that the coronary blood flow increases 
when the stellate ganglion or the cardiac 
sympathetic nerves are stimulated. Cir- 
cumspection is required in the interpreta- 
tion of these observations, for stimulation 
of the sympathetic nerves to the heart 
may accelerate the heart rate and raise 
the contractile force of the heart, thereby 
increasing the metabolism of the heart 
muscle. This in itself will increase the 
coronary blood flow. However, the sym- 
pathetic nerves to the heart contain cho- 
linergic fibers, and, according to recent 
reports, stimulation of cholinergic vasodila- 
tor fibers is possible without concomitant 
activation of adrenergic inotropic and 
chronotropic fibers.?* The functional signi- 
ficance of the assumed sympathetic coronary 
vasodilator fibers remains to be elucidated. 

The sympathetic vasodilator innervation 
to the human skin has been a much disputed 
subject. Cutaneous blood flow undoubtedly 
increases when the body becomes heated, 
and especially when sweating occurs. This 
increase in cutaneous blood flow was once 
thought to be due to activation of vaso- 
dilator nerves, but current data favor the 
view that the vasodilatation is secondary 
to the activity of the sweat glands.” 
Bradykinin is suggested as the vasodilator 
agent. Some authors still contend that 
the skin of the upper part of the forearm 
has a special sympathetic vasodilator in- 
nervation.?° 


The parasympathetic 
vasodilator nerves 


Vasodilator fibers were supposed to run 
in the chorda tympani to the tongue 
and to the glands of the oral cavity, and 
in the sacral nerves to the external genitals 
and, possibly, the bladder and rectum.5 
This concept was recently modified when 
it was shown that the increased blood 
flow through a salivary gland when the 
chorda tympani was stimulated was second- 
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ary to metabolic processes in the activated 
gland.?® Bradykinin was held responsible 
for the vasodilator response. The existence 
of vasodilator fibers is not, however, ruled 
out. Further investigations may show the 
parasympathetic vasodilator outflow to be 
limited to the tongue and the genitals, 
where the vascular changes do not appear 
to be secondary to glandular or other 
tissue activity. The old view of Bayliss 
and others that the vagus contains vaso- 
dilator fibers is not supported by modern 
investigations. 

Data on the physiologic properties of the 
parasympathetic vasodilator nerves are still 
sparse.” These nerves are believed, how- 
ever, to be thin unmyelinated fibers, with 
acetylcholine as the chemical transmitter. 
In accordance with this view it is claimed 
that the effect of sacral nerves is blocked 
by atropine and enhanced by eserine. On 
the other hand, vasodilatation in the tongue 
due to stimulation of the chorda tympani 
is unaffected by atropine. 

The functional significance of the par- 
asympathetic vasodilator nerves to the 
tongue is unknown. The dilator fibers 
to the genitals are thought to play a part 
in erection. The parasympathetic vasodila- 
tor fibers do not appear to participate in 
the baroceptor or chemoceptor control of 
the vascular tone and are probably devoid 
of tonic activity.”§ 


The dorsal-root vasodilator nerves 


The nineteenth-century observation that 
stimulation of dorsal roots, mechanical 
or electrical, elicited an increased flow of 
blood in the skin, especially of the foot 
pads, has caused a great deal of speculation 
as to the functional role of antidromic 
vasodilator impulses. The latter played a 
large part in Bayliss’ elaborate system 
of vasodilator nerve control of the periph- 
eral vascular bed.” The vasodilator activity 
in the dorsal-root fibers was thought to 
be governed by a medullary vasodilator 
center. Subsequent investigations have 
served to discredit this hypothetical system 
of Bayliss. The dorsal-root fibers, afferent 
as they are, lack functional vasodilator 
connections with the central nervous system. 

To judge from the parameters of mechan- 
ical, thermal, and electrical stimulation the 
dorsal-root vasodilator fibers belong to the 


C-fiber group. They are activated by var- 
ious noxious stimuli and probably are pain 
fibers. Accordingly, stimulation of the dor- 
sal roots elicits vasodilatation in the skin, 


which is rich in pain fibers, but little or 


no vasodilatation in the skeletal muscles, 
which are poor in such fibers. 

Histamine or a histamine-like substance 
as well as acetylcholine have been regarded 
as the chemical transmitters. An adenosine- 
triphosphate-like substance has been ob- 
served to occur with cutaneous vasodilata- 
tion and has consequently been suggested 
as the transmitter.*® For the present, how- 
ever, the transmitter question may be 
considered shelved. 

The functional significance of the anti- 
dromic vasodilator impulses may lie in 
axon reflexes as a facet of the triple response 
to noxious stimuli. Such stimuli—mechani- 
cal, chemical, thermal, inflammatory, etc.— 
elicit, via axon reflexes, local reactive vas- 
odilatation as one component of a local 
cutaneous defense reaction.*! 


General remarks 


Current doctrine still holds that vaso- 
dilator nerves are functionally coordinated 
with the vasoconstrictor nerves in the 
regulation of vasomotor tone. This concept 
can be traced back to Bayliss’ papers from 
about 1900, when—apparently influenced 
by Sherrington’s studies on the reciprocal 
innervation of the skeletal muscles—he 
postulated the existence of a similar re- 
ciprocal control of the blood vessels.?° 
Vascular tone was assumed to be - the 
result of concomitant vasoconstrictor and 
vasodilator nerve influences on the periph- 
eral vascular bed. The tonic activities in 
the vasoconstrictor and vasodilator outflows 
were thought to be governed by medullary 
vasoconstrictor and vasodilator centers ca- 
pable of reciprocal interference with each 
other’s activity. 

Bayliss further assumed that the medul- 
lary vasodilator center exerted a_ tonic 
inhibitory influence on the blood vessels. 
Since he considered sympathetic vasocon- 
strictor tone to be weak or nonexistent, 
he was obliged to postulate a centrally 
controlled vasodilator outflow to explain 
vasodilator reflexes. By discounting the 
existence of sympathetic vasodilator nerves, 
he was forced to localize the vasodilator 
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impulse traffic to parasympathetic and 


‘dorsal-root fibers. Today we know with 


certainty that (a) the vasoconstrictor nerves 
exert a tonic influence on virtually the 
whole vascular bed, on both precapillary 
resistance and postcapillary capacitance 
vessels, and that (b) the inhibition of 
vasoconstrictor tone may result in pro- 
nounced vasodilatation, especially in re. 
gions in which vasoconstrictor tone js 
high, e.g., the splanchnic, cutaneous, and 
muscular areas. Therefore, we need not 
postulate the existence of vasodilator nerves 
to explain vasodilator effects. The fact 
is, as pointed out above, that vascular 
reflexes are, as a rule, the result of dimin- 
ished vasoconstrictor tone (Fig. 2). 

As to the vasodilator nerves, it has been 
shown repeatedly that the skeletal muscles 
are supplied with sympathetic (cholinergic) 
vasodilator nerves. On the other hand, 
attempts to demonstrate vagal vasodilator 
nerves to the splanchnic area have failed. 
There remains no convincing evidence that 
vasodilator impulses are able to pass an- 
tidromically along cerebrospinal pathways, 
via afferent dorsal-root fibers, to skin or 
muscles. The idea, in fact, seems rather 
absurd in the light of accumulated neuro- 


‘physiologic experience. Accordingly, cu- 


taneous vasomotor reflexes depend on the 
sympathetic innervation. They remain in- 
tact after sensory denervation, but are 
completely abolished by sympathectomy, 
following which axon reflexes alone persist. 

Little remains, therefore, to support 
Bayliss’ vasodilator theory and _ reciprocal 
vasomotor innervation hypothesis. On the 
contrary, nervous vasomotor control ap- 
pears in reality to be exerted solely via the 
vasoconstrictor nerves. The vasodilator 
nerves probably serve specific ends in the 
restricted areas innervated. The deeper 
significance of the vasodilator innervation 
remains to be elucidated. 


Closing remarks 


This brief review on the vasodilator 
nerves contains, I am afraid, more de- 
struc.ive than constructive criticism. If, 
however, the new data offered in place 
of outmoded theories help to revive 
interest in vasodilator phenomena, the 
principal aim of this article will have 
been fulfilled. 
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Annotations 


Reflex vasodilatation in treatment of 
peripheral vascular diseases 


It is too frequently forgotten that, among the many 
therapeutic measures available for peripheral vascu- 
lar disease, one of the most dependable mechanisms 
for producing peripheral vascular dilatation in the 
skia and digits is associated with heating of the 
body. Heating can be more effective than drugs. 
In medical practice the patient with peripheral 
vascular disease is simply instructed to wear enough 
warm clothing to produce slight discomfort and a 
little sweating. When the patient is outdoors, his 
hands and feet should be properly covered with 
wovlen socks and loose gloves. He should avoid 
exposure to cooling, such as by drafts, dampness, 
rain, and the like. As shown years ago by Lewis and 
associates,! reflex vasodilatation of the peripheral 
vessels in the skin occurs when the body is warmed, 
and this dilatation develops in areas usually in- 
volved in vascular disease. Whether this reflex 
dilatation is the result of only inhibition of sym- 
pathetic vasoconstriction tone or is due in part 
also to activity of vasodilator fibers? or humoral 
factors, such as bradykinin and vasodilator sub- 
stances, is physiologically important, but from the 
therapeutic viewpoint it is sufficient that vascular 
tone is reduced and vasodilatation occurs. This 
vasodilatory phenomenon should be exploited on 
its own merits as well as in assistance to vasodilator 
drugs which may also be in use. Obviously, overheat- 
ing: should be avoided if there is cardiac disease or 
other contraindications. Certainly, body warmth 
should be tried before sympathectomy or sym- 


Cardiac resuscitation 


There are only a few situations in medicine today 
in which the physician feels almost completely 
helyless. Sudden and unexpected cessation of car- 
diac activity is one of these. When it occurs in the 
physician’s presence during a house call or in the 
office, there is great desire to ‘‘do something.” 
Inttacardiac injections of epinephrine, thumping on 
the precordium, and artificial respiration are usually 
tried. The death certificate is soon filled out. 
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pathetic ganglionectomy is performed. The sym- 
pathetic nervous system should be exploited in 
therapy before the nerve supply to the peripheral 
blood vessels is irreversibly destroyed by operation, 
It is not the purpose of this note to discuss the 
merits or demerits of sympathectomy, its paradoxical 
therapeutic effects, or the associated disturbances 
of vasodilatory innervation. Vasodilator sympathetic 
nervous function has been well discussed in articles 
by Uvnis,? Glover,’ and Roddie.‘ It is evident 
that the behavior of the sympathetic nervous 
system may be exploited in therapy before resort is 
made to operation which will destroy some of its 
function forever. 
George Burch, M.D. 
John Phillips, M.D. 
Tulane University School of Medicine 
New Orleans, La. 
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Unfortunately, sudden cardiac arrest does not 
always occur only in the elderly or the chronically 
ill. It may strike the relatively young adult who 
is seemingly healthy. Dr. Claude Beck has pointed 
out that death can occur suddenly after “a clean 
bill of health.”” He found that 63 per cent of the 
victims of coronary heart disease who died suddenly 
had no pathologic evidence of recent disease 1 
coronary arteries or muscle. 
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Accidental and certainly reversible death is very 
common. Electrocution, drowning, suffocation from 
many <2uses occur daily. The body needs only an 
opportunity to regain its equilibrium of balanced 
metabo:ism and spontaneity for a normal life 
to continue. 

In the past decade it has become widely fashion- 
able to open the chest and attempt resuscitation of 
the stilled heart by direct cardiac massage. In the 
operating theater this is a well-regulated and well- 
executed maneuver of treatment of cardiac arrest. 
On the medical wards and with extension outside 
of the hospital to the golf course and street it can 
become a catastrophy. The overzealous opening 
of chests by the house staff in almost all patients 
who die, whether such a procedure is indicated or 
not, has raised much criticism. Stahlgren and 
Angelchik! recently reported the results of attempted 
resuscitation of 25 patients outside of the operating 
roo. Only one patient recovered completely. 
Five patients had evidence of brain damage during 
temporary survival of from 1 hour to 5 days. 

Stephenson* has stated that the most common 
cause of failure in cases of resuscitation of cardiac 
arrest is the delay in institution of cardiac massage. 
This is due not only to lack of equipment but absence 
of personnel mentally ready to open the chest. 
There has been no problem in providing ventilation 
of the lungs, since expired-air ventilation can be 
given readily by the mouth-to-mouth technique. 

Closed-chest cardiac massage provides a simple 
and clinically proved method of immediate artificial 


Pulmonary, aortic and precordial rheography 
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circulation. It is the rhythmic intermittent forceful 
compression of the lower sternum toward the 
vertebral column. The heart between is “‘massaged.” 
When used together with artificial respiration, 
oxygenated blood perfuses the body. Time becomes 
available with this artificial oxygenation system for 
administration of cardiotonic drugs or defibrillation, 
as are necessary. 

The physician need no longer have the despair of 
inability to meet the challenge of sudden unexpected 


cardiac arrest. He can do something that has a 
good chance of returning the patient at least to his 


pre-arrest cardiac and central-nervous-system status. 


James R. Jude, M.D. 
The Johns Hopkins Hospital 
Baltimore, Md. 
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in heart insufficiency and in patients 


For the study of contractile function of the myo- 
cardium of the right and of the left ventricles 
separately the author proposed and elaborated the 
methods of pulmonary and aortic rheography. 

The method of rheography was proposed by 
Holzer, Polzer and Marko in 1945. This method 
is based on registration of the changes in electrical 
resistance of living tissues to electrical current of 
sound frequency. In the Soviet Union, this method 
was studied by A. A. Kedrov with T. U. Liberman 
and A. I. Naumenko and Z. A. Levina with 
collaborators. According to their data the rheo- 
cardiogram obtained by placing electrodes in the 
manner used for Lead II of the electrocardiogram 
reflects the changes in blood supply in the great 
arterial and venous vessels. In recent time the 
Austrian authors Polzer, Heeger and Schuhfried 
have elaborated the method of chest rheocardi- 
ography (wherein one electrode is put on the 
right shoulder and the other on the region of the heart 


with pulmonary arterial hypertension 


beat). However, the determination of absolute 
values for duration of the separate phases of the 
cardiac cycle by analysis of chest rheograms and 
electroplethysmograms of the trunk meets with 
some difficulties. Independently of Heeger, we 
elaborated a method of precordial rheocardiography, 
reflecting mainly changes in blood supply of the 
heart ventricles, by putting electrodes over the 
region of the heart beat and on the third left in- 
tercostal space at the sternal edge. The phases of 
cardiac activity can be distinctly determined on the 
precordial rheogram. However, detailed analysis 
of dissociation in the work of the right and left 
ventricles in pathologic states on the precordial 
rheocardiogram is often difficult. For registration of 
aortic rheograms, two variants of electrode applica- 
tion were used. In the first variant, one electrode 
was put on the second intercostal space to the right 
of the sternum, and the second, in the region of the 
aortic arch. In the second variant, one of the elec- 
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trodes was applied in the region of the aortic arch, 
and the second, over the abdominal aorta. For 
registration of lung rheograms, one of the electrodes 
is applied on the second left intercostal space to the 
left of the sternum, and the second, over the thorax 
on the third intercostal space on the anterior 
axillary line. 

Rheograms were recorded with the rheograph, 
which was constructed in the Institute of Therapy 
of the Academy of Medical Sciences, Moscow, 
by our engineer Gugunava; a sound frequency 
current of 20 kilocycles was used. The rheograph 
electrodes were connected with the first channel of 
the electrocardiograph; the size of electrodes used 
for recording was 6-7 cm.*. According to our data in 
healthy persons the beginning of systolic elevation 
in the lung rheogram precedes by 0.01-0.03 second, 
appears simultaneously with, or begins later than 
the beginning of the systolic increase in the aortic 
rheogram (the first variant of electrode position). 
The results obtained give support to the supposition 
that lung and aortic rheograms reflect blood supply 
of lung artery and aorta. 

We established the following changes in the 
lung rheogram which characterize the increase in 
blood pressure in the pulmonary circulation (by 
cor pulmonale): (1) The summit of the lung rheogram 
is significantly late and occurs either at the beginning 
or at the time of the second sound. (2) The lung 
rheogram is significantly smooth because of the 
plateau disappearance and secondary waves. (3) 
The ascending branch of the lung rheogram appears 
more than 0.03 second later than the ascending 
branch of the aortic rheogram. (4) The interval 
from the Q wave of the electrocardiogram to the 


ascending branch of the lung rheogram is more 
than 0.15 second. 

In patients with mitral heart disease without 
significantly marked pulmonary sclerosis the eleva. 
tion of blood pressure in the pulmonary circulation 
was accompanied by significant (more than 0.15 
second) lengthening of the time interval from the 
Q wave of the electrocardiogram to the ascending 
branch of the lung rheogram; in this case the summit 
occurs before the second sound. 

The decrease in blood pressure in the pulmonary 
circulation (medical treatment with reserpine and 
Euphyllin in cor pulmonale; commissurotomy in 
patients with mitral stenosis) is accompanied by 
normalization of the lung rheogram. 

In congestive heart insufficiency in patients with 
atherosclerotic cardiosclerosis, we found a relative 
shortening of the phase of rapid ventricular filling, 
determined on precordial rheograms. 

In energetic dynamic insufficiency (for example, 
in patients with thyrotoxicosis, hypokalemia, etc.), 
we found marked shortening of the ejection period 
(determined on aortic, pulmonary, and precordial 
rheocardiograms) and a significant lengthening of the 
electrocardiographic systole; in this case the end of’ 
mechanical systole preceded the end of the T wave 
of the electrocardiogram by more than 0.03 second, 
which is never observed in cases of congestive heart 
failure. 


U. T. Pushcarr, M.D. 
Institute of Therapy 
Academy of Medical Sciences 
Moscow, U.S.S.R. 


Experience with 
transseptal left heart catheterization 


The development of a variety of techniques of left septal catheterization has been reported in detail 


heart catheterization is indicative of the variety of 
purposes for which access to the left heart chambers 
may be needed. In instances of valvular heart dis- 
ease, it is usually desirable to record pressures from 
both left atrium and left ventricle, and to deliver 
either an indicator or radiocontrast material into 
either chamber. In a review in 1959, Bjérk and 
Lodin! concluded that either transbronchial or 
paravertebral needle puncture of the left atrium 
was suitable for catheterizing both chambers in a 
single procedure. Since that time, transseptal left 
heart catheterization has been introduced.? This 
report will present briefly our experience with Ross’ 
technique of.transseptal catheterization, with re- 
gard to incidence of successful studies and to mor- 
bidity. 

A group of 81 patients has been studied; all 
except one were adults. The technique of trans- 


elsewhere? and will not be repeated here. Our only 
modifications have been to increase the size of the 
Ross needle to 16 gauge, and recently to 15 gauge, 
in order to permit the passage of larger inner cathe- 
ters to the left ventricle. We emphasize the desira- 
bility of using the right saphenous vein, since in 
both instances in which the left saphenous vein 
was used the procedure was unsuccessful. On several 
occasions the position of the tip of the needle in the 
left atrium was such that initial attempts to pass 
the inner polyethylene catheter across the mitral 
valve were unsuccessful; this was usually corrected 
by repeating the puncture in a different position 
on the interatrial septum. On two occasions an 
overhand knot formed on the inner catheter in the 
left atrium. These were uneventfully removed 
through the septum by completely withdrawing the 
needle and both catheters as a unit. 
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The .umber of times in which the various cardiac 
chamb«.s were successfully entered was as follows. 
Of 81 a.tempts, the right atrium was entered in 80 
(99 per cent), the left atrium in 76 (94 per cent), and 
the left ventricle in 65 (80 per cent). Failure to 
reach t)e right atrium occurred in one patient with 
unusua! tortuosity of the right iliac vein at the level 
of the sacrum. Of the four other instances of failure 
to reach the left atrium, one attempt was from the 
left saphenous vein only in a child, and two patients 
presented unusual anatomic conditions in the left 
atrium. Both of these had undergone previous 
cardiac operations, and at subsequent autopsy 
were found to have massive old mural thrombi in 
the left atrium. These thrombi seemed to account 
for the fact that despite repeated thrusts in the ap- 
propriate area of the septum the tip of the needle 
could not be positioned in the left atrial cavity. 
Of the 76 patients in whom the needle was positioned 
in the ieft atrium, there were 11 (15 per cent) in 
whom the inner polyethylene catheter could not 
be advanced into the ventricle. In all of these, mitral 
valvular disease was thought to be present, usually 
mitral regurgitation. 

In comparison with our previous experience with 
the paravertebral technique, these patients were 
more comfortable in the supine position, so that 
pulse rates were usually normal during the pro- 
cedure. On several occasions there was transient 
mild pain in the neck and shoulder at the time of 
needle thrust. This usually indicated an unsatis- 
factory position, and was not seen when the needle 
was placed in a correct position on the septum. 

Postoperative morbidity has consisted of one 
wound infection at the saphenous cut-down site, 
one transient mild right facial weakness, and one 
case of superficial thrombophlebitis on the side of 
the cut-down. There have been no serious sequelae, 
and no known pulmonary emboli related to the 
procedure. 

The over-all rate of success at obtaining the 
desired measurements in this group of patients was 
not so high as the 96 per cent reported for the para- 
vertebral technique by Hancock’; however, not all 
groups using the paravertebral method have ob- 
tained such good results, and some of the disad- 
vantages of this method have been pointed out by 
Bjérk.1 The 80 per cent rate of success with the 
transseptal technique here is the same as that re- 
ported by Ross and associates,” and the same reasons 
for the unsuccessful attempts have been encoun- 
tered. One report of 71 per cent successful trans- 
septal left ventricular catheterizations has dealt 
with a relatively small number of attempts.‘ An- 
other group® has recently reported findings similar 
to ours. Mitral insufficiency is the main reason for 
inability to catheterize the left ventricle, and the 
use of a stiffer catheter may be an answer to this 
problem. Whether this will involve an added risk 
of dislodging left atrial thrombi will remain to be 
seen. Extra care must be given to the elimination 
of damping of the pressures which are being meas- 
ured through the long inner catheter. The other 
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disadvantages of this method are the slight ad- 
ditional time involved in isolating the saphenous 
vein and in blindly attempting to pass the poly- 
ethylene catheter across the mitral valve. There is 
also the improbability of obtaining selective left 
ventricular angiograms through a small inner cathe- 
ter due to recoil.! Modifications in technique have 
been suggested recently which may overcome all 
of these problems.‘ 

Several reports on the morbidity—frequently 
mild and occasionally serious—of the paravertebral 
technique have appeared.?:§ The negligible dis- 
comfort during the transseptal procedure in this 
group of patients, and the infrequency of significant 
postcatheterization complications have been quite 
favorable by comparison. It is concluded that this 
technique represents a substantial improvement in 
terms of morbidity and risk in left heart catheteri- 
zation, while permitting an incidence of satisfactory 
results which compares well with the other available 
methods. It is to be expected that modifications in 
the present technique will overcome some of the 
disadvantages mentioned. 


Lockhart B. McGuire, M.D. 
John W. Hyland, M.D. 
Donald C. Harrison, M.D. 
Florence W. Haynes, Ph.D. 
Lewis Dexter, M.D. 

Peter Bent Brigham Hospital 
Boston, Mass. 
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Book reviews 


THE SURGERY OF MITRAL StTENosis. By Robert P. 
Glover, M.D., M.S. (Surg.), F.A.C.S., F.A.C.C., 
Director of Surgery and Chief of the Thoracic and 


Cardiovascular Surgical Service, Presbyterian Hos- 


pital; Chief, Thoracic Surgical Services, Episcopal, 


_ Fitzgerald Mercy, and St. Christopher’s Hospitals; 


Assistant Clinical Professor of Surgery, University 
of Pennsylvania School of Medicine; Director, 
Glover Clinic, Philadelphia, Pa.; and Julio C. Davila, 
M.D., F.A.C.S., F.A.C.C., Research Director, Car- 
diovascular Research Laboratory, and Associate 
Thoracic Surgeon, Presbyterian Hospital; Associate 
Thoracic Surgeon, Episcopal, Fitzgerald Mercy, and 
St. Christopher’s Hospitals; Instructor in Surgery, 
University of Pennsylvania School of Medicine; Re- 
search Director, Glover Clinic, Philadelphia, Pa. 
New York, 1961, Grune & Stratton, Inc., 219 pages. 
Price $9.50. 


This monograph is essentially a summary of the 
authors’ considerable personal ‘experience with 
the surgical treatment of mitral stenosis. The 
sections on the anatomy and pathology of the 
mitral valve and the techniques of mitral commis- 
surotomy are particularly good, and it is in these 
fields that the authors have made notable contri- 
butions. The sections on the selection of patients, 
postoperative management, and results parallel 
the writings of other investigators in this field. 
The authors present their personal opinions on 
several areas of mitral surgery which are cur- 
rently controversial, such as left-sided versus 
right-sided approach, frequency and techniques 


of mechanical dilatation of the valve, and indica- | 


tions for open-heart surgery in mitral valvular 
disease. The book is exceptionally well illustrated, 
and an appendix is included which presents in 
detail long-term results. Perhaps the chief value 
of this book is that it combines in concise form a 
large volume of material which is scattered 
throughout the world’s literature on the surgical 
aspects of mitral stenosis. 


ADVANCES IN INTERNAL MEDICINE. Edited by Wil- 
liam Dock, M.D., State University of New York Col- 
lege of Medicine at New York City; and I. Snapper, 
M.D., Beth-El Hospital, Brooklyn, N. Y. Tenth 
edition, Chicago, 1960, The Year Book Publishers, 
Inc., 390 pages, 14 tables, 19 figures, 43 plates. 
Price $10.50. 


There are 10 sections in this volume. Only those 
dealing with topics which are within the scope of 
the American Heart Journal are reviewed here. 

Surgical Treatment of Mitral Stenosis and 
Aortic Stenosis, by Charles Baker, Guy’s Hospital, 
~ London: History of mitral valvotomy from the 
nineteen-twenties is reviewed briefly, with dis- 
cussion on immediate and late results of the oper- 
ation. Follow-up studies on 239 consecutive pa- 
tients who underwent the operation are reported. 
Deterioration after valvotomy in the presence of 
eight complicating disorders is cited and the prog- 
nosis in these cases indicated. 
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With improved techniques, including open. 
heart surgery, relief of mitral stenosis is more ac. 
curately accomplished and with fewer undesirable 
sequelae. 

Successful surgical treatment of mitral and 
pulmonary stenosis has led to the more exacting 
problem of surgical relief of aortic stenosis. Eti- 
ology, incidence, signs and symptoms of severe 
aortic stenosis, along with difficulties involved in 
surgical intervention and results of surgery, are 
discussed. 

Newer Diagnostic Techniques in Congenital 
Heart Disease, by Eugene Braunwald and Andrew 
G. Morrow, National Heart Institute, Bethesda, 
Md.: The importance of determining precisely the 
anatomy of congenital heart lesions and assessing 
their detrimental effects on circulation in con- 
sidering the desirability of an operation, its type 
and timing, justifies this summarization. The 
diagnostic procedures are: right and left heart 
catheterization, blood oxygen analyses, foreign 
gas techniques, indicator-dilution techniques, an- 
giocardiography, phonocardiography, and electro- 
cardiography. 

Indications for and Results of Surgical Treat- 
ment of Congenital Heart Disease, by Maurice 
Campbell, Guy’s Hospital, London: Persistent 
ductus arteriosus, atrial septal defect, ventricular 
septal defect, pulmonary stenosis, coarctation of 
the aorta of the acyanotic group, and tetralogy of 
Fallot of the cyanotic type of congenital heart 
diseases are discussed from the viewpoint of: 
indications for operation, operative mortality, and 
results. The purpose of complete cure has been 
attained for persistent ductus arteriosus only. 
Even though other types of congenital cardiac 
conditions can be improved now, the author 
anticipates the lapse of many years before their 
cures can be effected. 

Clinical Phonocardiography: Graphic Analysis 
of Clinical Auscultation, by Arthur Grishman, 
Selvyn B. Bleifer, and Ephraim Donoso, Mount 
Sinai Hospital, New York City: The importance 
of phonocardiography is stressed both as a teach- 
ing tool and a clinical aid. Newer and more ac- 
curate methods of recording are briefly outlined. 
The mechanism of production and characteristics 
of normal heart sounds are described. Phono- 
cardiographic features of eleven common cardio- 
vascular disorders are discussed. The 16 plates of 
graphic recordings illustrate well the above-men- 
tioned subjects under study. Intracardiac phono- 
cardiography is mentioned as being still in the 
research stage, with many technical difficulties 
to be worked out. 

Diagnosis and Management of the Curable Forms 
of Hypertension, by David Grob, State University 
of New York College of Medicine, New York 
City: The author states that in approximately 
20 per cent of patients with high blood pressure 
the cause of hypertension can be demonstrated. 
Unilateral or bilateral kidney disease, coarctation 
of the aorta, pheochromocytoma, Cushing's syn- 
drome, primary aldosteronism, and certain dis- 
eases involving the midbrain are listed as primary 
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etiolozical factors. These are considered under the 
headings of: clinical manifestations, mechanism 
of hypertension, diagnosis and management. Dr. 
Grob has crowded a large amount of very useful 
infor:aation into this summarization of the sub- 
ject. 

This volume is composed of a very interesting, 
valuable series of articles, all of which have ade- 
quate or extensive lists of references. 


IN BIOLOGY oF SKIN. VOLUME I. Cu- 
TANEOUS INNERVATION (Proceedings of the Brown 
University Symposium on the Biology of Skin, 1959). 
Edited by William Montagna, Arnold Biological 
Laboratory, Brown University, Providence, R.I. 
New York, 1960, Pergamon Press, Inc., 203 pages. 
Price $10. 


Brown University, in Rhode Island, sponsors a 
yearly symposium devoted to the biology of the 
skin. The material presented at the symposium 
in 1959 is now published in the form of a book. 
The authors have incorporated important parts 
of the discussions in their chapters in a formal 
way, thus gaining uniformity, of course with 
some disregard to the informality. The result 
is such, however, that it is hoped that even the 
material from future symposia will be published 
in the same manner. 

Eight of the nine chapters are devoted to 
different aspects of the somatic nervous system. 
The cutaneous nerve end-organs in different 
regions of the skin are described in detail, and 
much attention is paid to the interesting ques- 
tion of whether the specialized end-organs are 
modified according to the function or according 
to the region in which they are found. Arguments 
for the latter point of view dominate. Histo- 
chemical aspects of skin ‘innervation are dis- 
cussed in a chapter entitled ‘“‘Cholinesterases in 
the Cutaneous Nerves of Man.’’ One chapter 
deals with the possible correlation between the 
sensory modalities, such as pain, heat, and cold, 
and the size of the fibers which medizte them. 
The central paths and the central projections 
of the afferent impulses from the skin are dealt 
with in one chapter, and in another, studies re- 
lated to the mechanism of common sense are pre- 
sented. From the clinical point of view, itching 
‘is an important symptom. The last two chapters, 
covering different aspects of pain and itching, 
should therefore be of particular importance, 
especially to the dermatologist. 

Cutaneous structures known to be innervated 
by autonomic nerves are blood vessels, sweat 
glands, and pilomotor muscles. There has been 
much speculation whether there are both vaso- 
dilator and vasoconstrictor nerves in the skin. 
Little need be said about the existence of vaso- 
constrictor nerves, but not much is known about 
how the vasodilator mechanism works. Vasodila- 
tation could be brought about by specific vaso- 
dilator nerves, inhibition of vasoconstrictor tone, 
or by liberation of vasodilator substances in 
association with activity of the sweat glands. 
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These and other problems concerning autonomic 
innervation of cutaneous structures are dis- 
cussed in a chapter devoted to the autonomic 
innervation of the skin. 

This book should be of great value to the 
dermatologist as well as to the experimental 
investigator. 


LaAENNEC: His LIFE AND TIMES. By Roger Kervran 
(translated from the French by D. C. Abrahams- 
Curiel), New York, 1960, Pergamon Press, Inc., 
213 pages. Price $3.50. 


One of the most interesting medical biographies 
that I have read for a long time is this book about 
the life and times of a remarkable figure in French 
medicine at the turn of the century 150 years 
ago. In reading of Laennec’s boyhood trials and 
tribulations at the time of the French Revolution, 
of the difficult restoration of the monarchy after 
the fall of Napoleon, of his struggles with the 
unsympathetic Parisian medical profession (per- 
haps because he was strictly an outsider from 
Brittany), and of his ill health from the time he 
was a youngster, one can thank his lucky stars 
that he did not live at this time in history, diffi- 
cult as the stress and strain of modern world 
events may seem. Tuberculosis was a great 
problem of health in his day, and his own family 
was apparently riddled by it, although his father 
was still alive at 80, at the time of Laennec’s 
own death, undoubtedly from tuberculosis, at 
the age of 45. 

Laennec was born in 1781, in Quimper, 
Brittany, and his uncle, the Rector Michel 
Laennec, baptized him. A brother was born the 
next year, and three years after that a sister. 
A year later his mother died, doubtless of tuber- 
culosis, at the age of 32. His father, who seemed 
to have been very robust, a Councillor with a 
stormy political history, was unfortunately an 
unstable character, and it was his uncle, Dr. 
Guillaume Laennec, and Guillaume’s sons who 
largely supported and sponsored Rene Théofile 
Hyacinth Laennec and steered him into his pro- 
fessional career. Théofile was a follower and 
pupil of Corvisart, and at one time a supporter 
of Napoleon himself. 

In 1795, at the age of 14, he worked as an 
orderly in the Hotel-Dieu in Nantes, his uncle at 
that time being a chief surgeon to the Army on 
the Brest coast in Brittany. Later he was placed 
under his uncle at the Hépital de la Paix, dress- 
ing and treating wounds and becoming accus- 
tomed to minor surgery. He studied anatomy 
and dissection at the Hotel-Dieu during this 
time. Thus, in his teens he began his initiation 
into the field that absorbed him for the next 
thirty years, until his death. Even at that early 
age he was in uncertain health, which he neg- 
lected, constantly working very hard. 

In 1797, at the age of 16, he thought of em- 
barking as a surgeon on one of the corsairs going 
out from Nantes, but his young stepmother 
dissuaded him from this project and also tried to 
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steer him away from medicine, which she called 
“a profession for fools compared with money 
which could be made by honest trade.” In 1797, 
a young cousin, Mériadec, was born, a very im- 
portant incident in Théofile’s life because of the 
fact that this young cousin, who later went into 
medicine himself, inherited Théofile’s large prac- 
tice when he retired in the eighteen-twenties, 
having worked with him for some years in Paris. 
Also in 1797, Théofile resumed his duties in the 
military hospitals and his courses at the Hotel- 
Dieu in Nantes. He was appointed surgeon in 
1799. Late in 1799, Napoleon seized power after 
driving out the Directoire. 

Finally, in the spring of 1801, Théofile, at the 
age of 20 years, arrived in Paris to enter more 
serious medical training in the capital. In those 
early days of the nineteenth century Théofile 
was much interested in medical history and 
wrote a thesis for entrance into the Paris medical 
fraternity on Hippocrates and his teachings. He 
also prepared an extensive treatise on pathology, 
consisting of 800 pages, which was never pub- 
lished, however, in large part because of his 
quarrel with Dupuytren. It was a labor of love 
and was utilized later in his book on auscultation 
and pulmonary disease published in 1819. During 
this period he was received by Pope Pius VII in 
1804, and incidentally became an enthusiastic 
member of the Celtic Academy in 1805. On his 
holiday that year he studied the language of his 
home country, Brittany, and was particularly 
interested in the music and poetry of this Celtic 
tongue. 

From 1806 onward he developed a very busy 


practice in Paris and continued his writings and ~ 


editing; in fact, he became editor of the Journal 
de Médicine. He loathed doctrines and systems, 
including that of Brown, which was so popular 
in that day, but he was an important follower 
of Corvisart and, in 1808, wrote a review of 
Corvisart’s Treatise on Auenburgger. 

In 1810, his brother died of tuberculosis at 
the early age of 28, after this brother had been 
involved for 18 months in litigation with their 
spendthrift father. That same year Théofile 
wrote a memorandum on angina pectoris, which, 
although currently of interest at that time, was 
not well understood. He was appointed doctor 
to Cardinal Fesch, uncle of Napoleon, who then 
was in his heyday. He was also the private 
physician to Monsieur and Madame Chateau- 
briand. This was a great honor but a costly one, 
involving him “‘in the upkeep of a carriage and 
obliging him to buy elaborate clothes.” For 
some years he continued his busy practice and 
teaching, which included his clinical visiting at 
the Salpétritre. Occasionally, he would return 
for vacations to Brittany, especially to his family 
estate at Kerlouranac, which was the scene of 
his final retirement and death some years later. 

In 1816,. he began his research on the stetho- 
scope and gave many demonstrations of its use 
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prior to the publication of his famous work on 
Médiate Auscultation, which saw the light of 
day in 1819. He had experimented with many 
different kinds of wood in the preparation of the 
stethoscope and finally settled on a cylinder of 
light beech wood about a foot long, pierced through 
the center, and composed of two adjustable parts 
cupped at their extremities. This he called the 
stethoscope. It was also known as a_ medical 
trumpet. This treatise of his was one of the 
clearest medical works published in France in 
that period of medical history and because of 
it he became widely known. The book was trans- 
lated into English by Forbes, and he began to 
receive many foreign students. 

Meanwhile, his health was very bad, and be- 
cause of it and his love for Brittany he left Paris 
in October, 1819, to become a rural landlord, 
with much prestige, at his family estate. How- 
ever, because of his restlessness and desire to 
return to medicine he went back two years later 
to Paris, where, in 1822, he was appointed full 
professor, was elected to the Academy of Medi- 
cine in 1823, and became an officer in the Légion 
d’Honneur in 1824. Despite the honors that he 
was now receiving his health failed, and it was 
evident that he would not be able to continue 
his practice. A consultation in Bordeaux, in 
the autumn of 1824, contributed exhaustion to 
his fatigued state, and he soon retired per- 
manently to Brittany for the short remaining 
part of his life, after additional strains due to 
his conflict with Broussais, a powerful medical 
figure of the day in Paris. A marriage of conven- 
ience occurred in December, 1824, and this, 
though lasting only to his death less than two 
years later, was perhaps the happiest time in his 
life. 

He labored in the preparation of a new second 
edition of his treatise, which was published in 
1826, at about the time of his final illness and 
death from his pulmonary disease in Brittany on 
Aug. 13, 1826. 

It is evident that Théofile Laennec was an 
intelligent, honest, and industrious physician de- 
voted to medical science but very much of an 
individualist. He had a host of devoted patients 
who were sorry to have him leave Paris. They 
were inherited by his cousin, Mériadec. It was 
unfortunate that Théofile was so seriously beset 
by family troubles, by his sickness, and by 
hostile rivals, but he was highly respected in his 
own countryside; his funeral was attended by 
peasants and leading citizens alike. One of his 
great sources of relaxation was his interest in 
philology. He learned and wrote in the native 
Breton tongue. 

This skillfully translated book was evidently 
written by a man who had at his disposition an 
enormous amount of material with great ac- 
curacy in its detail. It reminds me of Cushing's 
Life of Osler. 


& 
a 


